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5_( ' Abstract. The ROSAT Deep Surveys in the direction of the Lockman Hole are the most sensitive X-ray surveys 

I performed with the ROSAT sateUite. About 70-80% of the X -ray background has been resolved into discrete 

sources at a flux limit of ~10~^^ erg cm~^ s~^ in the 0.5-2.0 keV energy band. A nearly complete optical 
identification of the ROSAT Deep Survey (RDS) has shown that the great majority of sources are AGNs. We 
describe in this paper the ROSAT Ultra Deep Survey (UDS), an extension of the RDS in the Lockman Hole. The 
Ultra Deep Survey reaches a flux level of 1.2 • 10~^^ erg cm~^ s~^ in 0.5-2.0 keV energy band, a level ~4.6 times 
fainter than the RDS. We present nearly complete spectroscopic identifications (90%) of the sample of 94 X-ray 
sources based on low-resolution Keck spectra. 

The majority of the sources (57) are broad emission line AGNs (type I), whereas a further 13 AGNs show only 
narrow emission lines or broad Balmer emission lines with a large Balmer decrement (type II AGNs) indicating 
significant optical absorption. The second most abundant class of objects (10) are groups and clusters of galaxies 
(~11%). Further we found five galactic stars and one "normal" emission line galaxy. Eight X-ray sources remain 
spectroscopically unidentified. We see no evidence for any change in population from the RDS survey to the UDS 
survey. 

The photometric redshift determination indicates in three out of the eight sources the presence of an obscured 
AGN. Their photometric redshifts, assuming that the spectral energy distribution (SED) in the optical/near- 
infrared is due to stellar processes, are in the range of 1.2 < z < 2.7. These objects could belong to the long-sought 
population of type 2 QSOs, which are predicted by the AGN synthesis models of the X-ray background. Finally, 
we discuss the optical and soft X-ray properties of the type I AGN, type II AGN, and groups and clusters of 
galaxies, and the implications to the X-ray backround. * 



Key words, surveys - galaxies: active - galaxies: clusters: general - quasars: emission lines - galaxies: Seyferts — 
X-rays: galaxies 



1. Introduction 



2. The X-ray observations 



The X-ray backgound has been a matter of intense study 
since its discovery about 40 years ago by Giacconi et 
al. (1962). Several deep X-ray surveys using ROSAT, 
BeppoSAX, ASCA and recently Chandra and XMM- 
Newton have resolved a large fraction (60-80 %) of the 
soft and hard X-ray background into discre te sources 
(Hasi nger et al. 1998 Mu shotz ky et al. 200C, Giacconi 
et al. ^OOOj Hasinger et al. |200l| .) 

The optical/infrared identification of faint X-ray 
sources from deep surveys is the key to understanding the 
nature of the X-ray background. A significant advance was 
the nearly complete optical identification of the ROSAT 
Deep Survey (RDS), which contains a sample of 50 PSPC 
X-ray sources with fluxes above 5.5 • 10~^^ erg cm~^ s~^ 



in the 0.5-2.0 keV energy band (Hasinger et al. 1998 , here- 
after Paper I). The spectroscopy has revealed that ^^80% 



of the optical counterparts are AGNs (Schmidt et al. 1998 , 
hereafter Paper H). 

The very red colour {R — K' > 5.0) of the only two 
optically unidentified RDS sources indicates either high 
redshift clusters of gala xies (z > 1.0) or obscured AGNs 
(Lehmann et al. 2000a , hereafter Paper III). This study 
found a much larger fraction of AGN s than did any previ- 
ous X-ray survey (B oyle e t al. 1995 , Georgant opoul os et 
al. |1996| , Bower et al. |l996| and McHardy et al. |1998D . 

Several deep hard X-ray surveys (>2 keV) have been 
started with Chandra and XMM-Newton to date (e.g., 
Brandt et al. 2000, Mushotzky et al. 200C, Hornschemeier 
et al., |2000| , Giacconi et al. pOOOj and Hasinger et al. |200lD , 
but most of their optical identification is at an early stage 
or their total num ber of sources is still relatively small 
(Barger et al. |200l|) . 

In this paper we present the X-ray sources and their 
spectroscopic identification of the Ultra Deep Survey 
(UDS) in the region of the Lockman Hole. The UDS con- 
tains 94 X-ray sources with 0.5-2.0 keV fiuxes larger than 
1.2 • 10^^*^ erg cm^^ s^^, which is about 4.6 times fainter 
than our previously optically identified RDS survey. 

The scope of the paper is as follows. In Sect. 2 we define 
the X-ray sample and present its X-ray properties. The op- 
tical imaging, photometry and spectroscopy of their opti- 
cal counterparts are described in Sect. 3. The optical iden- 
tification of the new X-ray sources and the catalogue of 
optical counterparts of the 94 X-ray sources are presented 
in Sect. 4. A K' survey covering half of the X-ray sur- 
vey area is presented in Sect. 5. The photometric redshift 
determination of three very red sources {R — K' > 5.0) 
is shown in Sect. 6. The implications of our results with 
respect to the X-ray background are discussed in Sect. 7. 

Throughout the paper, we use Hq = 50 km s~^ Mpc~^, 
qo — 0.5, and A = 0. 



Send offprint requests to: I. Lehmann 

* Tables 3 and 4 are also available in electronic form at the 
CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.1 28.5) 
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The ROSAT Deep Surveys consist of ROSAT PSPC and 
HRI observations in the direction of the Lockman Hole, 
a region of an extremely low galactic Hydrogen column 



density = 5.7 x 10^^ cm'^ (Lockman et al. 1986) 



About 207 ksec were accumulated with the PSPC detec- 



tor (Pfeffermann & Briel 1992) centered at the direction 
aaooo = 10''52™00^ (52000 = 57°21'36". The most sensitive 
area of the PSPC field of view is within a radius of ~20 
arcmin from its center. 

The ROSAT PSPC image is the basis for the ROSAT 
Deep Survey (RDS), which includes a statistically com- 
plete sample of 50 X-ray sources with 0.5-2.0 keV fluxes 
larger than 1.1 ■ lO"^** erg cm~^ s""'^ at off-axis an- 
gles smaller than 18.5 arcmin and fluxes brighter than 
5.5 • 10""'^^ erg cm~^ s~^ at off-axis angles smaller than 
12.5 arcmin (see Paper I). 



Fig. 1. ROSAT PSPC/HRI false colour image of the 
Lockman Hole region. The HRI sources are shown in 
green. Red and blue colours indicate PSPC sources in the 
0.1-0.5 keV and 0.5-2.0 keV energy bands, respectively. 
The field size is '--^30 arcmin. North is up, east to the left. 

A pointing of 1112 ksec (net exposure time) with 
the ROSAT HRI (David et al. |1996D has been obtained 
centered at the direction Q!2ooo = 10''52™43'*, (52ooo — 
57°28'48". The HRI pointing is shifted about 10 arcmin 
to the North-East of the PSPC center (see Fig 1. in Paper 
I) . This shift was chosen to allow a more accurate wobble 
correction to increase the sensitivity and spatial resolution 
using some bright optically identified X-ray sources. 

The HRI field of view is about 36 x 36 arcmin. The 
main advantage of the HRI compared to the PSPC is the 
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Table 2. Energy bands and correction factors. 



Table 1. UDS sample properties. 



Sample 


Off-axis angle" 


Area 


^lim 


N 




[arcmin] 


[deg^] 


[10-15 ^gg] 




(1) 


(2) 


(3) 


(4) 


(5) 


HRI (H) 


< 12.0 


0.126 


1.2 


68 


PSPC (PI) 


< 12.5^= 


0.067 


5.5 


14 


PSPC (P2) 


12.5 - 18.5" 


0.118 


9.6 


12 



The off-axis angle is given with respect to the center of the 
pointing of the instrument defining each sample. 
Limiting flux in the 0.5-2.0 keV energy band. 
Excluding the area already included in the HRI sample. 

higher angular resolution of the HRI ('--^5 arcsec) compared 
to that of the PSPC (~25 arcsec), but the HRI has prac- 
tically no energy resolution. Fig. ^ presents the combined 
PSPC/HRI image of the overlap region covered by both 
pointings. 

In addition to the HRI and PSPC pointings we have 
obtained a raster scan with the HRI for a total 205 ksec 
exposure time, which covers nearly the entire field of the 
PSPC pointing. 

The 1112 ksec HRI exposure is the main basis for the 
Ultra Deep ROSAT Survey (UDS) in the Lockman Hole 
region. The sample selection and the complete X-ray cata- 
logue are presented in the following sections. For a detailed 
description of the X-ray observations, the detection algo- 
rithm, the astrometric correction and the verification of 
the analysis procedure by simulation, see Paper I. 

2.1. Sample definition 

The Ultra Deep Survey sample combines three statistically 
independent samples of HRI and of PSPC sources, whose 
defining characteristics, both in terms of area and flux 
limits, are given in Table |l|. The total number of sources 
is 94. Forty-seven of the 68 sources in the HRI sample 
are also detected with the PSPC, while seven of the 26 
sources in the PSPC samples are also detected with the 
HRI (but outside of the central HRI survey region). For 
the 54 sources both detected with the HRI and the PSPC 
we adopt the flux (see Table ^ measured with the in- 
strument which defines the sample to which each source 
belongs. This corresponds to assuming that each sample 
is defined at the epoch at which its observation has been 
obtained. 

The HRI detector has practically no energy resolution 
in the 0.1-2.4 keV band, which leads to a significant model- 
dependence in the count rate to flux conversion. The con- 
version of the PSPC count rates in the PSPC hard band 
(PI channels 52-201) to fluxes in the 0.5-2.0 keV band is 
straightforward in comparison to the HRI because of the 
similar band passes (see Paper I). 

The HRI fluxes in the 0.5-2.0 keV band were deter- 
mined from the HRI count rates using the corresponding 



Detector 
(1) 


Band 
(2) 


Energy 
[kev] 

(3) 


Pulseheight 
Channels 

(4) 


ECF" 
(5) 


PCF'' 
(6) 


PSPC 
PSPC 
HRI 


H 

S 


0.5-2.0 
0.1-0.4 
0.1-2.4 


52-201 
11-41 
1-9 


0.836 
1.519 
0.586 


0.90 
0.90 
0.92 


Energy 


to counts 


conversion 


I factor in cts 


s-i for 


a source 



with 0.5-2.0 keV flux of 10-" erg cm-^ s-^ 
''^ PSF loss correction factor from simulations (see Paper I). 



exposure time, a vignetting correction, an energy-to-flux 
conversion factor (ECF) and a point spread function-loss 
factor determined from simulations (see Table ||). To de- 
rive the ECF factor we have assumed a power law spec- 
trum with photon index 2 and galactic absorption (using 
Nh — 5.7 X 10^^ cm^^), folded through the instrument 
response. 

2.2. The X-ray source catalogue 

Table || provides the complete catalogue of the 94 X- 
ray sources from the Ultra Deep ROSAT Survey in the 
Lockman Hole region. The first two columns give the 
source name and an internal source number. The capi- 
tal letters in parenthesis mark whether the source belongs 
to the HRI sample (H) or to the PSPC samples (PI or 
P2). The weighted coordinates of the X-ray sources for an 
equinox of J2000.0 are shown in columns 3 and 4. The 
Icr error of their position (in arcsec), including statistical 
and systematic errors, is given in column 5. The capital 
P indicates that the X-ray position is based on the 207 
ksec PSPC exposure. The positions based on the 1112 ksec 
HRI pointing and the 205 ksec HRI raster scan are marked 
with capital letters H and R, respectively. Columns 6 and 
7 show the distance of the sources from the center of the 
HRI and PSPC field (in arcmin). Columns 8 and 9 con- 
tain the 0.5-2.0 keV HRI and PSPC fluxes of the sources 
in units of 10^^'' erg cm"^ s"^. The PSPC flux marked 
with parenthesis is lower than the flux limits of the PSPC 
samples (see Table ||) . These sources would not belong to 
the PSPC samples without HRI detection. The hardness 
ratio HRI = (H-S)/(H+S) derived from the PSPC hard 
and soft bands (see Table ||) is given in column 10. 

2.3. The differences between the UDS and the RDS 
samples 

The UDS sample contains all X-ray sources from the RDS 
sample (see Paper I and II), except the sources 36 and 116, 
which are in the HRI area (HRI off-axis angle smaller than 
12 arcmin) and have not been detected by the HRI. The 
re-analysis of the PSPC data has led to slightly different 
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Table 3. X-ray source catalogue. 
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Source name Nr. 02000 <^2ooo Err. HRI PSPC /hri /pspc HRl 

Off-axis angle [0.5-2.0 keV] 













(3) 






(4) 




(5) 


(") 






(°) 








(lOj 


RX 


J105230 


3-F573914 


2 (H) 


10 




oU 


3 


57 


09 


io 


8 


1 
i 


QTJ 

on 


10.6 


16.9 


1 


05±0 


08 


1.16+0.15 


-0 


03+0.17 


RX 


J105302 


6-F573759 


5 (H) 


10 


CO 

00 


no 
Uz 


6 


57 


37 


CO 

00 


8 


-1 
i 


OU 


9.5 


17.1 


1 


00±0 


06 


(0.70+0.11) 


-0 


30+0.10 


RX 


J105316 


8-F573552 


6 (H) 


10 


53 


16 


8 


57 


35 


52 


4 


Q 


9H 


8.4 


16.3 


9 


32±0 


15 


13.23+0.55 


-0 


29+0.02 


RX 


J105131 


1+573440 


8 (H) 


10 


51 


31 


1 


57 


34 


40 


4 





8H 


11.3 


13.0 


12 


14+0 


16 


11.78+0.27 


-0 


24+0.02 


RX 


J105154 


4+573438 


9 (H) 


10 


51 


54 


4 


57 


34 


38 





1 


OH 


8.8 


12.1 


1 


09±0 


07 


1.93+0.12 


-0 


23+0.06 


RX 


J105108 


4+573345 


11 (P2) 


10 


oi 




4 


57 


00 


A C 


4 


1 

1 


Drl 


13.7 


13.6 


1 


04+0 


09 


1.29+0.12 





18+0.12 


RX 


J105149 


0+573249 


12 (H) 


10 




AG 





57 


QO 
OZ 


A Q 

4o 


6 


1 
i 


Url 


8.3 


10.5 





72+0 


07 


1.65+0.13 


1 


00+0.78 


RX 


J105213 


3+573222 


13 (H) 


10 


52 


13 


3 


57 


32 


21 


6 


1 


IH 


5.4 


9.8 





60±0 


05 


0.61+0.07 


-0 


02+0.16 


RX 


J105242 


5+573159 


14 (H) 


10 


52 


42 


5 


57 


31 


59 


2 


1 


3H 


3.2 


10.5 





30±0 


04 


0.76+0.08 





72+0.52 


RX 


J105300 


0+573155 


15 (H) 


10 


53 


00 





57 


31 


55 


1 


1 


3H 


3.8 


11.7 





34+0 


04 


(0.35+0.07) 


-0 


33+0.22 


RX 


J105339 


7+573105 


16 (H) 


10 


00 


QO 


7 


57 


oi 


Uo 


3 


n 
U 


yii 


7.9 


15.1 


4 


07±0 


09 


3.72+0.20 


-0 


59+0.02 


RX 


J105104 


2+573054 


17 (PI) 


10 


oi. 


r\A 
U4 


2 


57 


OU 


DO 


7 


i 


Dxl 


13.6 


11.8 





62±0 


07 


0.69+0.10 





11+0.19 


RX 


J105228 


4+573104 


18 (H) 


10 


52 


28 


4 


57 


31 


04 


4 


\ 


2H 


3.0 


8.9 





26±0 


04 


(0.21+0.05) 


-0 


45+0.19 


RX 


J105137 


4+573044 


19 (H) 


10 


51 


37 


4 


57 


30 


44 


4 


1 


OH 


9.1 


9.0 





88±0 


06 


1.08+0.10 


-0 


24+0.07 


RX 


J105410 


3+573039 


20 (H) 


10 


54 


10 


3 


57 


30 


39 


3 


1 


4H 


11.9 


18.5 


1 


10±0 


08 


2.26+0.15 





47+0.11 


RX 


J105224 


7+573010 


23 (H) 


10 


CO 


OA 


7 


57 


oU 




2 


1 


ctr 
0x1 


2.8 


7.9 





26±0 


03 


0.60+0.09 





02+0.20 


RX 


J105044 


4+572922 


24 (P2) 


10 


cn 


A A 

44 


4 


57 


on 

zy 


01 

zl 


7 


A 

4 


1 r 


16.0 


13.0 






. 


1.00+0.09 


-0 


31+0.07 


RX 


J 105344 


9+572841 


25 (H) 


10 


53 


44 


9 


57 


28 


40 


5 


\ 


IH 


8.3 


14.6 


1 


19±0 


07 


1.76+0.14 


-0 


09+0.07 


RX 


J105020 


3+572808 


26 (P2) 


10 


50 


20 


3 


57 


28 


07 


8 


6 


5P 


19.2 


15.3 






_ 


0.97+0.10 


-0 


06+0.14 


RX 


J105350 


3+572710 


27 (H) 


10 


53 


50 


3 


57 


27 


09 


6 


2 


OH 


9.2 


14.7 





51±0 


05 


1.34+0.12 





16+0.17 


RX 


J105421 


1+572545 


28 (P2) 


10 


C A 


01 

zi 


1 


57 


oc 
zO 


44 


5 


1 
i 


Url 


13.5 


18.4 


17 


36+0 


21 


21.54+0.43 


1 


00+0.06 


RX 


J105335 


1+572542 


29 (H) 


10 


CQ 
00 


Q C 

oO 


1 


57 


oc 
zO 


4z 


4 


U 


orl 


7.6 


12.3 


2 


17±0 


07 


5.14+0.18 


-0 


34+0.03 


RX 


J105257 


1+572507 


30 (H) 


10 


52 


57 


1 


57 


25 


07 


2 





9H 


4.1 


7.2 





78±0 


05 


0.81+0.10 


-0 


53+0.05 


RX 


J105331 


8+572454 


31 (H) 


10 


53 


31 


8 


57 


24 


53 


9 





9H 


7.6 


11.7 


2 


30+0 


09 


3.41+0.16 


-0 


18+0.04 


RX 


J105239 


7+572432 


32 (H) 


10 


52 


39 


7 


57 


24 


31 


7 





8H 


4.3 


4.8 


7 


02±0 


15 


6.88+0.21 


-0 


55+0.02 


RX 


J105200 


0+572424 


33 (H) 


10 


CO 

oz 


UU 





57 


OA 

z4 


OA 

z4 


5 


1 

i 


nxj 

yn 


7.3 


2.0 





22±0 


04 


(0.41+0.07) 


-0 


28+0.15 


RX 


J105258 


4+572356 


34 (H) 


10 


CO 

oz 


CQ 

Oo 


4 


57 


ZO 


00 


8 


i 


Drl 


5.3 


7.1 





24±0 


03 


(0.38+0.08) 


-0 


25+0.26 


RX 


J105039 


7+572335 


35 (PI) 


10 


50 


39 


7 


57 


23 


35 


1 


1 


8R 


17.4 


11.8 








1.59+0.11 


-0 


29+0.06 


RX 


J105247 


9+572116 


37 (H) 


10 


52 


47 


9 


57 


21 


16 


3 





8H 


7.6 


5.7 


2 


77+0 


10 


2.55+0.17 


-0 


73+0.02 


RX 


J105329 


2+572104 


38 (H) 


10 


53 


29 


2 


57 


21 


03 


7 


1 


3H 


9.9 


11.3 





86±0 


06 


0.80+0.09 


-0 


30+0.08 


RX 


J105209 


5+572104 


39 (H) 


10 


oz 


no 


5 


57 


zi 


C\A 
U4 


4 


i 


orl 


9.0 


1.6 





26±0 


06 


(0.43+0.06) 


-0 


42+0.10 


RX 


J105318 


1+572042 


41 (H) 


10 


K'i 
00 


lo 


1 


57 


on 
zU 


A 
4Z 






z 


/ITT 
4il 


9.4 


9.9 





27±0 


04 


2.15+0.29 





03+0.10 


RX 


J105015 


6+572000 


42 (P2) 


10 


50 


15 


6 


57 


20 


00 


2 


4 


7P 


21.7 


15.2 








1.52+0.12 


-0 


36+0.06 


RX 


J105105 


2+571924 


43 (PI) 


10 


51 


05 


2 


57 


19 


23 


9 


1 


9R 


16.8 


8.9 






- 


0.99+0.10 


-0 


28+0.07 


RX 


J105319 


0+571852 


45 (H) 


10 


53 


19 





57 


18 


51 


9 


1 


5H 


11.1 


10.5 





63+0 


06 


1.46+0.09 





02+0.12 


RX 


J105120 


2+571849 


46 (PI) 


10 


CI 

01 


on 


2 


57 


io 


AO, 

4y 


2 


1 
i 


yii 


15.1 


7.3 





58±0 


09 


1.03+0.11 


-0 


18+0.09 


RX 


J105244 


4+571732 


47 (H) 


10 


CO 

Oz 


A A 

44 


4 


57 






9 


1 

1 


Drl 


11.3 


7.2 





51±0 


05 


0.71+0.07 


-0 


35+0.08 


RX 


.1105046 


1+571733 


48 (PI) 


10 


50 


46 


1 


57 


17 


32 


8 


1 


8R 


19.4 


12.0 








1.73+0.12 


-0 


08+0.08 


RX 


J105117 


0+571554 


51 (PI) 


10 


51 


17 





57 


15 


54 


1 


5 


IP 


17.4 


9.5 






- 


0.85+0.12 





04+0.22 


RX 


J105243 


1+571544 


52 (PI) 


10 


52 


43 


1 


57 


15 


44 


4 


1 


2H 


13.0 


8.5 


1 


11±0 


09 


1.43+0.10 


-0 


36+0.06 


RX 


.1105206 


0+571529 


53 (PI) 


10 


52 


06 





57 


15 


28 


7 


4 


6P 


14.3 


7.2 





43+0 


08 


0.55+0.08 


-0 


15+0.12 


RX 


J105307 


2+571506 


54 (PI) 


10 


53 


07 


2 


57 


15 


05 


6 


1 


9H 


14.1 


11.1 





79±0 


08 


1.20+0.11 





05+0.10 


RX 


J105009 


3+571443 


55 (P2) 


10 


50 


09 


3 


57 


14 


42 


8 


6 


6P 


25.1 


17.7 








1.03+0.12 





02+0.06 


RX 


J105020 


2+571423 


56 (P2) 


10 


50 


20 


2 


57 


14 


22 


8 


1 


8R 


24.1 


16.5 








3.41+0.17 


-0 


44+0.02 


RX 


J105237 


9+571254 


58 (PI) 


10 


52 


37 


9 


57 


12 


53 


5 


6 


2P 


15.9 


10.6 








0.58+0.08 





07+0.21 


RX 


J105324 


6+571236 


59 (P2) 


10 


53 


24 


6 


57 


12 


35 


7 


2 


8P 


17.2 


14.6 








1.41+0.11 





27+0.14 


RX 


J105248 


4+571203 


60 (PI) 


10 


52 


48 


4 


57 


12 


02 


7 


5 


OP 


16.8 


12.0 








0.67+0.08 


-0 


00+0.19 


RX 


J105127 


0+571129 


61 (PI) 


10 


51 


27 





57 


11 


29 





6 


OP 


20.1 


12.4 








0.64+0.09 


-0 


07+0.14 


RX 


J105201 


5+571044 


62 (PI) 


10 


52 


01 


5 


57 


10 


44 


2 


1 


6R 


18.9 


11.9 








3.49+0.19 


-0 


31+0.03 


RX 


J105055 


3+570652 


67 (P2) 


10 


50 


55 


3 


57 


06 


51 


9 


8 


IP 


26.3 


18.5 








1.21+0.14 





23+0.16 



Table 3. (continued). 
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Source name Nr. 02000 i52ooo Err. HRI PSPC /hri /pspc HRl 

Off-axis angle [0.5-2.0 keV] 









(2) 




(3) 






(4) 






(") 


(0 










(lUj 


RX 


J105215, 


.7-F570411 


70 (P2) 


10 


oz 


10, 


.7 


57 


U4 


1 -1 
11, 


.0 


5.0P 


24.9 


18.5 






. 


1.82+0.17 


-0.12+0.09 


RX 


J105008, 


.2-F573135 


73 P2) 


10 


oU 


no 
US, 


.2 


57 


31 


A 

34, 


.7 


8.2P 


21.0 


18.3 








1.31+0.14 


0.78+0.51 


RX 


J105125 


.4+573050 


75 


(H) 


10 


51 


25 


.4 


57 


30 


49, 


.8 


1.8H 


10.6 


9.9 


0. 


.43+0, 


.06 


0.59+0.10 


1.00+1.45 


RX 


J105259 


.2+573031 


77 


(H) 


10 


52 


59, 


.2 


57 


30 


30, 


.8 


I.IH 


2.8 


10.6 


0, 


,83+0, 


.05 


0.65+0.09 


-0.14+0.13 


RX 


J105144, 


.8+572808 


80 


(H) 


10 


51 


44, 


.8 


57 


28 


07, 


.7 


1.6H 


7.9 


6.2 


0, 


.21+0, 


.04 


0.55+0.07 


0.24+0.26 


RX 


J105312 


.4+572507 


82 


(H) 


10 


00 


iz, 


.4 


57 


zo 


Uo 


.8 


1.2H 


5.4 


9.2 


0, 


.29+0 


.04 


(0.44+0.08) 


0.10+0.26 


RX 


J105217, 


.0+572017 


84 


(H) 


10 


OA 


1 T 


.0 


57 


on 
zU 


1 ( , 


.1 


2.0H 


9.2 


2.8 


0, 


.27+0 


.05 


0.67+0.09 


0.68+0.71 


RX 


J105241 


.8+573651 


104 


(H) 


10 


52 


41, 


.8 


57 


36 


50, 


.8 


1.3H 


8.0 


15.0 


0, 


.52+0, 


.05 


(0.81+0.10) 


0.39+0.27 


RX 


J105348, 


.7+573033 


117 


(H) 


10 


53 


48, 


.7 


57 


30 


33, 


.5 


1.4H 


9.0 


15.9 


0, 


.66+0 


.06 


1.64+0.14 


1.00+1.51 


RX 


J105309 


.4+572822 


120 


(H) 


10 


53 


09 


.4 


57 


28 


21, 


.9 


I.IH 


3.5 


10.2 


0, 


,78+0 


.05 


(0.47+0.08) 


-0.20+0.15 


RX 


J105350 


.7+572515 


128 


(H) 


10 


DO 


ou. 


.7 


57 


zo 


1 K 

lo. 


.4 


2.0H 


9.7 


14.3 


0, 


.26+0, 


.04 






RX 


J105340, 


.4+572349 


131 


(H) 


10 


C^Q 
00 


4U, 


.4 


57 


ZO 


4o. 


.6 


2.7H 


9.2 


12.7 


0. 


.18+0, 


.04 


(0.36+0.07) 


0.94+9.14: 


RX 


J105406, 


.7+571339 


151 (P2) 


10 


54 


06, 


.7 


57 


13 


39. 


.3 


10.6P 


18.9 


18.5 








1.03+0.15 


-0.55+0.06 


RX 


J105341, 


.0+573522 


228 (H) 


10 


53 


41, 


.0 


57 


35 


22. 


.3 


2.6H 


10.2 


18.0 


0. 


.25+0, 


.05 


1.68+0.14 


0.74+0.61 


RX 


J105346, 


.6+573517 


229 (H) 


10 


53 


46, 


.6 


57 


35 


17. 


.1 


4.6H 


10.7 


18.5 


0. 


.20+0, 


.05 


- 


- 


RX 


J105336, 


.4+573802 


232 (H) 


10 


DO 


OD 


.4 


57 


00 


no 
Uz. 


.2 


I.IH 


11.7 


19.6 


3. 


.25+0, 


.13 


3.08+0.17 


0.32+0.12 


RX 


J105303 


.9+572925 


426 (H) 


10 


DO 


Uo 


.9 


57 


zy 


OA 

Z4, 


.9 


1.3H 


2.8 


10.3 


0. 


.34+0, 


.04 


(0.23+0.06) 


1.00+3.02 


RX 


J105324 


.7+572819 


428 (H) 


10 


53 


24 


.7 


57 


28 


19, 


,3 


1.4H 


5.6 


12.0 


0, 


,31+0, 


.05 


(0.39+0.08) 


-0.20+0.37 


RX 


J105258, 


.2+572249 


434 (H) 


10 


52 


58, 


.2 


57 


22 


49, 


.4 


1.7H 


6.3 


7.0 


0. 


.18+0, 


.03 


(0.35+0.07) 


0.02+1.49 


RX 


J105306 


.2+573426 


477 (H) 


10 


53 


06 


.2 


57 


34 


25, 


.7 


1.3H 


6.4 


14.3 


0. 


.37+0, 


.04 


(0.40+0.10) 


-0.37+0.87 


RX 


J105243 


.4+572800 


486 (H) 


10 


02 




.4 


57 


zo 


UU, 


,3 


1.7H 


0.8 


7.3 


0. 


.15+0, 


.03 


(0.27+0.05) 


1.00+1.98 


RX 


J105114 


.5+571616 


504 (PI) 


10 


oi 




.5 


57 


10 


10 


.0 


1.8R 


17.3 


9.5 








1.01+0.11 


-0.38+0.07 


RX 


J105254 


.3+572343 


513 


(H) 


10 


52 


54, 


.3 


57 


23 


42, 


.9 


1.3H 


5.3 


6.5 


0. 


.43+0 


.05 


(0.35+0.06) 


-0.46+0.10 


RX 


J105220 


.1+572307 


607 


(H) 


10 


52 


20 


.1 


57 


23 


07, 


.3 


1.4H 


6.5 


1.9 


0, 


,27+0 


.05 


(0.36+0.06) 


-0.25+0.17 


RX 


J105311, 


.7+572306 


634 


(H) 


10 


53 


11, 


.7 


57 


23 


06, 


.1 


1.8H 


6.9 


8.8 


0, 


.20+0, 


.04 


- 


- 


RX 


J105245, 


.7+573748 


801 


(H) 


10 


oz 


40, 


.7 


57 


01 


A'? 

4/ . 


.9 


1.9H 


9.0 


16.0 


0. 


.31+0, 


.05 






RX 


J105222 


.4+573737 


802 


(H) 


10 


Oz 


zz 


.4 


57 


( 


00, 


.8 


1.6H 


9.2 


15.1 


0, 


.42+0, 


.06 






RX 


J105312 


.5+573425 


804 


(H) 


10 


53 


12, 


.5 


57 


34 


24, 


.7 


1.3H 


6.9 


14.7 


0, 


.43+0, 


.04 






RX 


J105348, 


.2+573355 


805 


(H) 


10 


53 


48 


.2 


57 


33 


54, 


.7 


4.3H 


10.1 


17.7 


0, 


.17+0, 


.05 


- 


- 


RX 


J105244 


.7+572122 


814 


(H) 


10 


52 


44, 


.7 


57 


21 


22, 


.2 


1.3H 


7.4 


5.3 


0. 


.48+0, 


.04 


0.61+0.16 


0.68+0.68 


RX 


J105329 


.5+573538 


815 


(H) 


10 


DO 


OQ 

zy. 


.5 


57 


00 


( , 


.9 


2.2H 


9.2 


17.1 


0, 


.18+0, 


.04 






RX 


J105225, 


.9+571905 


817 


(H) 


10 


52 


25 


.9 


57 


19 


04, 


.8 


2.4H 


10.0 


4.4 


0, 


.23+0, 


.05 






RX 


J105322 


.2+572852 


821 


(H) 


10 


53 


22, 


.2 


57 


28 


51, 


.6 


1.5H 


5.2 


11.9 


0, 


.25+0, 


.03 


- 


- 


RX 


J105206 


.3+572214 


825 


(H) 


10 


52 


06 


.3 


57 


22 


14, 


.0 


1.5H 


8.2 


0.4 


0. 


.33+0 


.04 






RX 


J105303 


.7+573532 


827 


(H) 


10 


53 


03, 


.7 


57 


35 


31, 


.9 


2.0H 


7.3 


15.0 


0, 


,18+0 


.04 






RX 


J105357 


.1+573241 


828 


(H) 


10 


53 


57, 


.1 


57 


32 


41, 


.1 


2.0H 


10.7 


18.0 


0, 


.45+0, 


.07 






RX 


J105207 


.7+573842 


832 


(H) 


10 


52 


07 


.7 


57 


38 


42, 


.0 


3.5H 


11.0 


16.1 


0. 


.24+0, 


.07 






RX 


.J105137 


.4+572857 


837 


(H) 


10 


51 


37 


.4 


57 


28 


57, 


,2 


2.6H 


8.8 


7.4 


0, 


,19+0, 


.04 






RX 


J 105244, 


.4+574045 


840 


(H) 


10 


52 


44, 


.4 


57 


40 


45, 


.0 


4.1H 


12.0 


18.8 


0, 


.22+0, 


.03 






RX 


J105358, 


.5+572925 


861 


(H) 


10 


53 


58, 


.5 


57 


29 


25. 


.4 


3.2H 


10.1 


16.5 


0. 


.18+0, 


.04 






RX 


.] 105236, 


.4+573748 


866 


(H) 


10 


52 


36 


.4 


57 


37 


48, 


,0 


2.9H 


9.0 


15.7 


0, 


,18+0, 


.04 






RX 


J105225, 


.3+572246 


870 


(H) 


10 


52 


25 


.3 


57 


22 


45, 


.5 


1.4H 


6.5 


2.5 


0, 


,36+0, 


.04 






RX 


J105252, 


.9+572901 


901 


(H) 


10 


52 


52, 


.9 


57 


29 


00, 


.7 


2.7H 


1.3 


8.9 


0, 


,12+0, 


.04 






RX 


J105251 


.2+572011 


905 


(H) 


10 


52 


51, 


.2 


57 


20 


11, 


.0 


2.7H 


8.7 


6.5 


0. 


.14+0, 


.04 
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Fig. 2. HRI to PSPC flux ratio in the 0.5-2.0 keV energy 
band versus the PSPC hardness ratio HRI for those X- 
ray sources detected both in the HRI and in the PSPC 
pointings. The symbols mark different classes of counter- 
parts; flUed circles - type I AGNs, open circles - type H 
AGNs, and triangles - groups/clusters of galaxies, galax- 
ies, and stars (see Table |]). The error bar in the upper 
right gives the mean error of the data points. The lines 
show the theoretical HRI to PSPC flux ratio in depenence 
of an increasing Hydrogen column densitiy from Njj = x 
10^^ cm~^ to 1.0 X 10^^ cm^^ (from left to right) in steps 
of 0.0057, 0.02, 0.03, 0.04, 0.06, 0.08, 0.1, 0.12, 0.16, 0.3, 
0.6, and 0.8 x 10^^ cm^^ for three different photon indices 
(dotted line - F = 1, solid line - P = 2, and dashed line - 
r = 3). 



PSPC fluxes compared to Paper I. The new PSPC 
fluxes are statistically consistent with Paper I fluxes. The 
flux limit of the PSPC subsample P2 (see Table |l|) is 
marginally lower than that limit for the same off-axis an- 
gles in the RDS sample (1.1 x 10^^^ erg cm~^ 

The PSPC fluxes differ from the HRI fluxes for several 
sources (see Table H). Fig. | shows the HRI to PSPC flux 
ratio plotted versus the PSPC hardness ratio HRI for all 
sources detected both with the HRI and the PSPC. The 
flux ratio of the softer X-ray sources (HRI < —0.5) scat- 
ters around one, whereas the HRI flux of the hard sources 
(HRI > 0.5) is clearly lower than the PSPC flux, indicated 
by an average flux ratio of 0.6. 

All spectroscopically identifled type II AGNs including 
the very red sources (see Sect. 4 and 5) are relatively hard 
sources. Their lower HRI to PSPC flux ratio can be due to 
a harder spectrum than the assumed unabsorbed power- 
law spectrum with photon index 2, leading to lower HRI 
fluxes compared to PSPC fluxes for intrinsically absorbed 
sources. We have performed simulations with XSPEC to 
determine the influence of intrinsic absorption to the HRI 
to PSPC flux ratio using three different photon indices 
(F — 1,2,3). The models predict a decrease of the flux 
ratio ( < 0.8) at apparent column densities (i.e., not cor- 
rected for redshift) larger than 1.2 x 10^^ cm^^ (see Fig. 



|). The lower HRI to PSPC flux ratio of the harder UDS 
sources (HRI > 0.5) results probably from intrinsic ab- 
sorption. 

The ASCA Deep Survey in the Lockman Hole by 
Ishisaki et al. ( 2001| ) has conflrmed that the X-ray lu- 
minous UDS type II AGN, detected with ASCA in the 
1-7 keV energy band, show harder spectra than type I 
AGN, which can be explained by intrinsic absorption with 
A^H 10^2-23 cm"2 

Several groups and clusters of galaxies (e.g., 41C and 
228Z) show significant lower HRI fluxes compared to their 
PSPC fluxes. This is probably due to the lower sensitivity 
of the HRI to detect extended X-ray emission. The 0.5-2.0 
keV X-ray flux of the UDS groups and clusters of galaxies 
can be at least a factor of 2 larger than those values, which 
are based on the HRI, given in Table |. 

However, the difference between the PSPC and HRI 
fluxes for several sources can be also due to X-ray vari- 
ability, because the fluxes are deflned by the epoch of the 
observation. 

3. Optical spectroscopy 

Optical images and optical spectra of 50 of the 94 UDS 
sources are published in Paper III and in Hasinger et 
al. (1999, hereafter Paper IV). Finding charts and, when 
available, optical spectra are given in Fig. A.l for the re- 
maining 44 objects. 

The optical identiflcations of most of the new X-ray 
sources is based on their highly accurate HRI positions 
and Keck R band images with a limiting magnitude rang- 
ing from 23.5 to 26.0. We have found for nearly all sources 
only one optical counterpart inside the HRI error circle 
(see Fig. In some cases the HRI detection of PSPC 

sources (e.g., 15 and 18) is essential to identify the cor- 
rect optical counterpart. For the new sources, presented 
here for the first time, three (24, 70, and 151) are only 
covered by the PSPC exposure. For these sources, due to 
the lower positional accuracy of the PSPC detector (25"), 
we considered all objects inside the PSPC error circle as 
possible optical counterparts. For sources 5, 24, 70, 131, 
151, 477, 804, 827, 832, and 840 we used Palomar 5-m V 



band images taken with the 4-Shooter (Gunn et al. 1987) 
to locate the optical counterparts, as for these cases Keck 
R images are not available. 

The optical imaging and photometry of the X-ray 
sources has been previously described in Papers II and 
III. However, we have to complete the i?-band coverage 
(not the entire UDS survey area is covered by Keck LRIS 
frames). The optical photometry should still be regarded 
as somewhat uncertain for those objects, not covered by 
the Keck R images. For instance, the R magnitudes of the 
objects 9A, 17A, 29A, and 54A are significant lower than 
those given in Paper II due to the more reliable Keck 
photometry compared to the R band photometry based 
on imaging with the University of Hawaii 2.2-m telescope 
(see Paper II). A more complete and reliable photometry 
will be published in a future paper. 
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Optical spectroscopy of nearly all new UDS sources 
was performed with the Low Resolution Imaging 



Spectrometer (LRIS; Oke et al. 1995) at the Keck I and 
II 10-m telescopes during observing runs in February and 
December 1995, April 1996, April 1997, March 1998 and 
March 1999. The spectra were taken either through mul- 
tislit masks using 1.4" and 1.5" wide slits or through 0.7" 
and 1.0" wide long slits. The detector is a back-illuminated 
2048 X 2048 Tektronics CCD. A 300 lines mm^i grating 
produces a spectral resolution of ~10 A for the long slit 
spectra and of ~15 A for the mask spectra. The wave- 
length coverage of the spectra varies within 3800-8900 
A. In addition, long slit spectra of some relatively bright 
counterparts (i? < 21) were obtained with LRIS at the 
Keck II telescope during service observing in February, 
March and April 1998. The exposure times for long slit 
spectra range from 120 to 3600 sec, for mask spectra from 
1800 to 3600 sec. 

The optical spectrum of the bright star 232A {R = 
11.7) was taken in March 1998 at the Calar Alto 3.5-m 
telescope using the Boiler & Chivens Cass Twin spectro- 
graph. The detector is a 800 x 2000 SITe CCD. A 600 
lines mm~^ transmission grating and a slit width of 1.5" 
produce spectra from 3500-5500 A at a spectral resolution 
of 4.4 A in the blue channel. 

The spectra were processed with the MIDAS pack- 
age involving standard procedures (e.g., bias-subtraction, 
flat-fielding, wavelength calibration using He-Ar or Hg-Kr 
lamp spectra, flux calibration and atmospherical correc- 
tion for broad molecular bands). The optimal extraction 
algorithm of Horne ( 1986| ) was used to extract the one- 
dimensional spectra. A relative flux calibration was per- 
formed using secondary standards for spectrophotometry 
from Oke and Gunn (1983). Several spectra show residu- 
als from night sky line subtraction (e.g., 15A and 33A). 
In some cases the atmospheric band correction was only 
partially successful (see 131Z). 

The optical images {R or V) of the new UDS objects 



and their optical spectra are presented in Fig. A.l 



4. The optical identification of UDS X-ray sources 

To identify the new 46 X-ray sources from the UDS not 
contained in the previously optically identified RDS sam- 
ple, we apply the identification scheme described in Paper 
II. The scheme involves identification (ID) classes that 
characterize the spectroscopic information as detailed be- 
low. 

The existence of broad UV/optical emission lines with 
FWHM>1500 km s^^ in the optical spectra of 27 X-ray 
sources of the 46 new UDS sources reveals broad emis- 
sion line AGNs (type I), which are subclassified in the 
ID classes a-c. The 15 new objects of ID class a show 
at least two of the high-redshifted broad emission lines: 
Mg II A2798, C III] A1908, C IV A1548, Si IV A1397, 
Lya A 1216. Object 817A, a quasar a,t z — 4.45 (Schneider 
et al. 1998), is the most distant X-ray selected quasar 



found to date, and object 832A is a broad absorption line 
quasar (BALQSO) at z = 2.735. 

Ten new objects belong to the ID class b. Their op- 
tical spectra show only a broad Mg II emission line and 
usually several narrow emission lines (e.g., [Ne V] A3426 
and [O II] A3727). The broad Mg II hues of 513 (340) and 
of 426A are marginally seen in the low S/N spectra (see 
Fig. |A.1[ ), but the Gaussian fit to the lines reveals 3cr de- 
tections in both cases. In addition, source 513 (340) has 
been detected at 6 cm wavelength with the VLA (Ciliegi, 
private communication) confirming its AGN nature. 




R Magnitude 

Fig. 3. X-ray flux in the 0.5-2.0 keV band versus opti- 
cal R magnitudes for all objects of the UDS sample. The 
filled circles show the AGN type-I objects, open circles are 
AGN type-II objects. Open squares are groups and cluster 
of galaxies. The only galaxy in our sample is given by the 
hexagon. Asterisks are stars. The crosses mark the spec- 
troscopically unidentified sources. The dotted lines give 
the typical fx/fopt ratios for stars (left) and for AGNs 
(right) defined by Stocke et al. ( |l99lD . 

There is no ID class c object (showing only broad 
Balmer emission lines) among the 46 new sources. 

Four X-ray sources are identified with narrow emission 
line AGNs (type II). One of these AGNs (901 A) is identi- 
fied with ID class d, where high ionization [Ne V] A3426 
emission lines indicate an AGN. 

Three narrow line AGNs belong to the ID class e, 
which contains 13 new UDS sources. The optical spec- 
tra of these sources show neither broad emission lines nor 
high ionization [Ne V] emission lines. 

The identification of the ID class e objects is based 
on the ratio of X- ray to optical flux fx/ fv as defined by 
Stocke et al. (1991), the angular extent of the X-ray source 



and its high 0.5-2.0 keV X-ray luminosity (Lx > 10 erg 
s~^) indicating an AGN or a group/cluster of galaxies. 
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Table 4. Photometric and spectroscopic properties of optical counterparts 



name 


R 


02000 


(52000 


A pos 


S'x 


log fx/fv 


G 


2 




log Lx 


R- K' 


class 


ID class 


(1) 


(2) 




(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


2A 


20.6* 


10 


52 


30.1 


57 39 13.4 


2H 


1.05 


-0.03 


s 


1.437 


-23.8 


44.14 


- 


AGN I 


a 


5Ai) 


21.0* 


10 


53 


02.5 


57 37 57.0 


2H 


1.00 


0.11 


s 


1.881 


-24.0 


44.38 


2.7 


AGN I 


a 


6A 


18.8 


10 


53 


16.9 


57 35 52.3 


IH 


9.32 


0.20 


s 


1.204 


-25.2 


44.92 


2.2 


AGN I 


a 


8B 


15.0 


10 


51 


31.1 


57 34 39.4 


IH 


12.14 


-1.21 


s 








4.4 


STAR 


M5 V 


9A 


21.2 


10 


51 


54.5 


57 34 37.7 


IH 


1.09 


0.23 


s 


0.877 


-22.2 


43.68 


2.9 


AGN I 


b 


llA 


23.0:* 


10 


51 


08.4 


57 33 45.4 


OH 


1.29 


1.02 


s 


1.540 


-21.5 


44.30 


- 


AGN I 


a 


12A 


22.9 


10 


51 


48.8 


57 32 48.4 


2H 


0.72 


0.72 


s 


0.990 


-20.7 


43.62 


4.9 


AGN II 


d 


13A^' 


22.0 


10 


52 


13.3 


57 32 21.7 


OH 


0.60 


0.29 


s 


1.873 


-23.0 


44.16 


2.5 


AGN I 


a 


14Z 


25.0 


10 


52 


42.4 


57 31 58.4 


IH 


0.30 


1.19 


g: 


1.94phot. 


-22.9 


43.89 


5.4 




e: 


ISA^^ 


21.5 


10 


53 


00.0 


57 31 55.2 


OH 


0.34 


-0.16 


s 


1.447 


-22.9 


43.66 


3.7 


AGN I 


a 


16A 


19.4 


10 


53 


39.8 


57 31 03.9 


2H 


4.07 


0.08 


s 


0.586 


-23.1 


43.87 


3.1 


AGN I 


c 


17A 


21.8* 


10 


51 


04.0 


57 30 54.0 


2H 


0.69 


0.27 


s 


2.742 


-23.9 


44.59 


- 


AGN I 


a 


18Z^) 


22.6 


10 




28.4 


57 31 04.4 


OH 


0.26 


0.16 


s 


0.931 


-20.9 


43.12 


3.3 


AGN I 


b 


19B 


22.2 


10 


51 


37.5 


57 30 43.2 


IH 


0.88 


0.53 


s 


0.894 


-21.2 


43.61 


3.8 


AGN I 


b 


20C 


15.5* 


10 


54 


10.4 


57 30 37.9 


2H 


1.10 


-2.05 


s 








- 


STAR 


M5 V 


23A 


22.4 


10 


52 


24.7 


57 30 09.6 


IH 


0.26 


0.08 


g 


1.009 


-21.3 


43.19 


4.4 


AGN I 


b 


24Zi) 


20.6* 


10 


50 


44.2 


57 29 19.7 


3P 


1.00 


-0.05 


g 


0.480 


-21.5 


43.08 


- 


AGN H 


e 


25A 


20.8 


10 


53 


45.0 


57 28 40.2 


IH 


1.19 


0.11 


s 


1.816 


-24.1 


44.42 


2.8 


AGN I 


a 


26A 


18.7* 


10 


50 


19.8 


57 28 12.2 


6P 


0.97 


-0.82 


g 


0.616 


-23.9 


43.30 


- 


AGN II 


d 


27A 


20.8 


10 


53 


50.3 


57 27 09.2 


OH 


0.51 


-0.26 


s 


1.720 


-24.0 


44.00 


2.3 


AGN I 


a 


28B 


18.8* 


10 


54 


21.3 


57 25 44.3 


2H 


21.54 


0.56 


g 


0.205 


-21.4 


43.63 


- 


AGN 11^) 


c 


29A 


21.1* 


10 


53 


35.1 


57 25 41.6 


IH 


2.17 


0.49 


s 


0.784 


-22.0 


43.88 


2.3 


AGN I 


b 


30A 


21.1 


10 


52 


57.3 


57 25 07.1 


2H 


0.78 


0.04 


s 


1.527 


-23.4 


44.07 


3.0 


AGN I 


a 


31A 


20.5 


10 


53 


31.8 


57 24 53.8 


OH 


2.30 


0.27 


s 


1.956 


-24.5 


44.78 


2.8 


AGN I 


a 


32A 


17.9 


10 


52 


39.6 


57 24 31.7 


IH 


7.02 


-0.28 


s 


1.113 


-26.0 


44.72 


1.8 


AGN I 


a 


33Ai' 


21.8 


10 


52 


00.0 


57 24 26.1 


2H 


0.22 


-0.23 


g 


0.974 


-21.8 


43.09 


3.8 


AGN I 


b 


34F^^ 


20.1 


10 


oz 


00. o 


57 24 09.7 


29H 


0.24 


-0.87 


g 


0.262 


-20.7 


41.90 


2.4 


GRP 


e 


35A 


18.9* 


10 


ou 


oy .0 


57 23 36.3 


IR 


1.59 


-0.53 


s 


1.439 


-25.5 


44.32 


- 


AGN I 


a 


37A 


20.1 


10 


52 


48.2 


57 21 17.4 


3H 


2.77 


0.19 


s 


0.467 


-21.9 


43.49 


2.8 


AGN I 


b 


38A 


21.3 


10 


53 


29.5 


57 21 03.9 


2H 


0.86 


0.16 


s 


1.145 


-22.6 


43.84 


- 


AGN I 


a 


39B^' 


21.7 


10 


OZ 


no Q 

uy.o 


57 21 04.7 


2H 


0.26 


-0.20 


s 


3.279 


-24.4 


44.34 


1.1 


AGN I 


a 


41C 


17.5 


10 


c:q 

DO 


io. / 


57 20 43.9 


5H 


0.27 


-1.86 


g 


0.340 


-23.8 


42.19 


- 


GRP 


e 


42Y 


20.7* 


10 


ou 


1 1 
ID.I 


57 19 53.8 


8P 


1.52 


0.17 


s 


1.144 


-23.2 


44.08 


- 


AGN I 


a 


43A 


22.9 


10 


51 


05.1 


57 19 23.2 


IR 


0.99 


0.87 


s 


1.750 


-21.9 


44.31 


- 


AGN I 


a 


45Z 


21.2 


10 


53 


18.9 


57 18 50.0 


2H 


0.63 


-0.01 


g 


0.711 


-21.7 


43.25 


- 


AGN II 


d 


46A 


23.1 


10 




ZU. 1. 


57 18 47.9 


2R 


1.03 


0.96 


s 


1.640 


-21.6 


44.26 


- 


AGN I 


a 


47A 


22.2 


10 


OZ 


/I Pi n 


57 17 33.4 


5H 


0.51 


0.30 


s 


1.058 


-21.6 


43.53 


- 


AGN I 


a 


48B 


19.9* 


10 


o\j 


Af\ 9 
^u.z 


57 17 33.1 


IR 


1.73 


-0.09 


g 


0.498 


-22.2 


43.35 


- 


AGN II 


e: 


51L 


21.6* 


10 


51 


17.0 


57 15 51.4 


3P 


0.85 


0.28 


s 


0.620 


-21.0 


43.25 


- 


AGN II 


d 


52A 


21.0 


10 


52 


43.3 


57 15 44.6 


2H 


1.43 


0.27 


s 


2.144 


-24.2 


44.66 


- 


AGN I 


a 


53A 


18.4* 


10 


52 


06.3 


57 15 24.7 


5P 


0.55 


-1.19 


g 


0.245 


-22.2 


42.20 


- 


GAL 


e 


54A 


21.4* 


10 


53 


07.4 


57 15 04.6 


2H 


1.20 


0.35 


s 


2.416 


-24.1 


44.71 




AGN I 


a 


55C 


20.9* 


10 


50 


09.4 


57 14 43.3 


IP 


1.03 


0.08 


s: 


1.643 


-23.8 


44.26 




AGN I 


a 


56D 


18.9* 


10 


50 


20.2 


57 14 21.7 


IR 


3.41 


-0.20 


s 


0.366 


-22.6 


43.36 




AGN I 


b 


58B 


21.0 


10 


52 


38.8 


57 12 59.7 


lOP 


0.58 


-0.13 


g 


0.629 


-21.6 


43.09 




GRP 


e 


59A 


16.9* 


10 


53 


24.8 


57 12 30.7 


5P 


1.41 


-1.38 


g 


0.080 


-21.3 


41.61 




AGN 11^' 


c 


60B 


21.7* 


10 


52 


48.5 


57 12 06.0 


3P 


0.67 


0.22 


s 


1.875 


-23.3 


44.20 




AGN I 


a 


61B 


20.8* 


10 


51 


26.3 


57 11 31.1 


6P 


0.64 


-0.16 


s 


0.592 


-21.7 


43.08 




AGN I 


b 


62A 


11.0* 


10 


52 


01.3 


57 10 45.9 


2R 


3.49 


-3.35 


s 










STAR 


KO V 


67B(s)** 


20.5:*' 


10 


50 


54.3 


57 06 51.5 


8P 


1.21 


-0.01 


g 


0.550 


-21.9 


43.29 




GRP 


e 



' New UDS sources, ' Photometric redshift determination indicates an AGN type II, 

AGN type II because of its large Balmer decrement (see text). 
*' R magnitudes not based on Keck photometry. **' Paper II gives the coordinates of 67A instead of 67B(s). 



Table 4. (continued). 
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name R 0:2000 ^2000 A pos Sx log fx/fv G z log Lx R — K' class ID class 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 





20.6* 


10 


52 


15.7 


57 


04 


03.6 


7P 


1.82 


0.21 


s 


1.010 


-23.1 


44.04 


- 


AGN I 


b 


73C 


20.7 


10 


50 


09.6 


57 


31 


43.5 


14P 


1.31 


0.11 


s: 


1.561 


-23.9 


44.32 


- 


AGN I 


a 


75A'' 


19.3 


10 


51 


25.4 


57 


30 


50.7 


IH 


0.43 


-0.94 


s 


3.409 


-26.9 


44.60 


1.7 


AGN I 


a 


77A 


22.1 


10 


52 


59.3 


57 


30 


30.2 


IH 


0.83 


0.47 


s 


1.676 


-22.6 


44.19 


3.3 


AGN I 


a 


80Ai' 


21.2 


10 


51 


44.7 


57 


28 


06.6 


IH 


0.21 


-0.49 


s 


3.409 


-25.0 


44.28 


2.3 


AGN I 


a 


82Ai' 


22.8 


10 


53 


12.3 


57 


25 


06.4 


IH 


0.29 


0.29 


s 


0.960 


-20.8 


43.19 


3.8 


AGN I 


b 


84Z 


>25.5 


10 


52 


17.1 


57 


20 


16.8 


IH 


0.27 


>1.34 


g: 


2.71phot. 


-24.0 


44.17 


6.2 


_2) 


e 


104A^' 


18.8* 


10 


52 


41.6 


57 


36 


50.2 


2H 


0.52 


-1.05 


g 


0.137 


-20.6 


41.65 


- 


AGN II 


e 


117Q 


22.9 


10 


53 


48.8 


57 


30 


33.9 


IH 


0.66 


0.69 


s 


0.780 


-20.2 


43.35 


4.9 


AGN II 


d 


120A^' 


20.4 


10 


53 


09.4 


57 


28 


20.9 


IH 


0.78 


-0.24 


s 


1.568 


-24.2 


44.10 


2.7 


AGN I 


a 


128E^' 


22.0: 


10 


53 


50.8 


57 


25 


12.7 


3H 


0.26 


-0.08 


g 


0.478 


-20.1 


42.49 


- 


GRP: 


e: 


131Z^) 


17.7 


10 


53 


40.0 


57 


23 


52.8 


5H 


0.18 


-1.95 


g 


0.205 


-22.5 


41.55 


- 


CLUS 


e 


ISIB^) 


20.2:* 


10 


54 


06.4 


57 


13 


40.4 


3P 


1.03 


-0.20 


s 


1.200 


-23.8 


43.96 


- 


AGN I 


b 


228Z^) 


22.8 


10 


53 


40.2 


57 


35 


18.2 


8H 


0.25^^) 


0.23 


g 


~1.263 


-21.3 


43.39 


5.2 


CLUS 


e 


229Z^) 


22.8 


10 


53 


46.7 


57 


35 


15.5 


2H 


0.20^^) 


0.13 


g 


~1.263 


-21.3 


43.30 


5.6 


CLUS 


e 


232A^> 


11.7 


10 


53 


36.6 


57 


38 


00.8 


2H 


3.25 


-3.10 


s 








2.4 


STAR 


F7 HI 


426Ai^ 


22.0* 


10 


53 


03.8 


57 


29 


24.6 


IH 


0.34 


0.04 


g 


0.788 


-21.1 


43.08 


4.5 


AGN I 


b 


428E^' 


22.4 


10 


53 


24.7 


57 


28 


18.3 


IH 


0.31 


0.16 


s 


1.518 


-22.1 


43.66 


3.6 


AGN I 


a 


434B^) 


22.2 


10 


52 


58.3 


57 


22 


51.1 


2H 


0.18 


-0.15 


s 


- 


- 


- 


4.1 


- 


e 


477A1) 


20.5* 


10 


53 


06.2 


57 


34 


24.7 


IH 


0.37 


-0.52 


s 


2.949 


-25.4 


44.39 


1.9 


AGN I 


a 


486A^) 


24.4 


10 


52 


43.5 


57 


28 


00.0 


IH 


0.15 


0.65 


s 


1.21phot. 


-22.4 


43.13 


5.3 


_2) 


e 


504 (51D) 


20.8* 


10 


51 


14.5 


57 


16 


15.5 


IR 


1.01 


0.03 


s 


0.528 


-21.5 


43.17 


- 


AGN II 


d 


513^' (340) 


22.3 


10 


52 


54.4 


57 


23 


42.2 


IH 


0.43 


0.26 


s 


0.761 


-20.8 


43.14 


4.1 


AGN I 


b 


607^' (36Z) 


24.1 


10 


52 


20.1 


57 


23 


06.8 


IH 


0.27 


0.78 


s 


- 


- 


- 


4.3 


_4) 


e 


634A1' 


23.2 


10 


53 


11.8 


57 


23 


06.2 


IH 


0.20 


0.29 


s 


1.544 


-21.4 


43.49 


- 


AGN I 


b 


801A^) 


22.1 


10 


52 


45.4 


57 


37 


45.7 


3H 


0.31 


0.04 


s: 


1.677 


-22.6 


43.76 


- 


AGN I 


a 


802A^) 


15.9 


10 


52 


22.4 


57 


37 


35.4 


IH 


0.42 


-2.31 


s 








- 


STAR 


MO V: 


804A1) 


22.7* 


10 


53 


12.5 


57 


34 


24.4 


OH 


0.43 


0.42 


s: 


1.213 


-21.3 


43.59 


3.8 


AGN I 


b 


SOSA^' 


24.4 


10 


53 


47.8 


57 


33 


54.7 


3H 


0.17 


0.70 


s 


2.586 


-21.2 


43.92 


4.7 


AGN I 


a 


814 (37G) 


20.5 


10 


52 


44.8 


57 


21 


23.2 


IH 


0.48 


-0.41 


s 


2.832 


-25.3 


44.46 


1.5 


AGN I 


a 


8150^) 


20.4 


10 


53 


29.1 


57 


35 


36.0 


4H 


0.18 


-0.87 


g 


0.700 


-22.5 


42.69 


4.0 


CLUS 


e 


817A1' 


23.1 


10 


52 


25.9 


57 


19 


06.7 


2H 


0.23 


0.31 


s 


4.450 


-23.6 


44.58 


3.9 


AGN I 


a 


821A^) 


22.7 


10 


53 


22.3 


57 


28 


51.5 


IH 


0.25 


0.19 


s 


2.300 


-22.7 


43.98 


4.0 


AGN I 


a 






lU 


oz 


Ud.o 


t 


00 

zz 


1 /I Q 
14. 


OM 
Zxl 


U.oo 


U.oo 


s 








A A 
4.4 




e 


8278^' 


21.7* 


10 


53 


03.9 


57 


35 


31.1 


2H 


0.18 


-0.35 


g 


0.249 


-18.9 


41.73 


4.1 


AGN II 


e 


828A^' 


21.6 


10 


53 


57.3 


57 


32 


42.1 


2H 


0.45 


0.00 


s 


1.282 


-22.6 


43.66 




AGN I 


a 


832A^) 


22.4* 


10 


52 


07.5 


57 


38 


38.1 


4H 


0.24 


0.05 


s 


2.730 


-23.3 


44.13 




AGN I 


a 


837A^' 


23.4 


10 


51 


37.5 


57 


28 


56.4 


IH 


0.19 


0.35 


s 


2.013 


-21.7 


43.73 


3.7 


AGN I 


a 


840D^) 


16.0:* 


10 


52 


46.9 


57 


40 


42.0 


7H 


0.22 


-2.55 


g 


0.074 


-22.0 


40.73 




GRP: 


e 


861A^) 


22.5 


10 


53 


58.4 


57 


29 


25.8 


IH 


0.18 


-0.03 


s 


1.843 


-22.4 


43.62 




AGN I 


a 


866AI) 


24.2* 


10 


52 


36.7 


57 


37 


47.6 


2H 


0.36 


0.95 


s 












e 


870^' (36F) 


21.3 


10 


52 


25.3 


57 


22 


47.1 


2H 


0.36 


-0.21 


g 


0.807 


-21.9 


43.12 


3.6 


AGN I 


b 


901A^' 


15.3 


10 


52 


52.8 


57 


29 


00.3 


IH 


0.12 


-3.09 


g 


0.204 


-24.9 


41.37 


3.4 


AGN II 


d 


905A1' 


25.0 


10 


52 


51.4 


57 


20 


11.4 


2H 


0.14 


0.86 


s 








6.3 




e 



See text in Sect. 6, PSPC flux is larger than this HRI flux value (see Table |). 
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Seven of the new class e objects are spectroscopically 
confirmed as groups or clusters of galaxies (see notes on 
individual sources below). In two cases we found stars as 
optical counterparts of the X-ray sources (see Table ^). 

Six new UDS sources (434B, 486A, 607, 828A, 866A, 
and 905A ), which belong to class e, still lack an optical 
identification. 

Fig. I shows the 0.5-2.0 keV X-ray flux of aU UDS 
sources as a function of the R magnitude of their optical 
counterparts. Nearly all AGNs are located around a well 
defined line with fx/ fv = 1- 

Six of the eight unidentified UDS sources have R mag- 
nitudes lower than the spectroscopic limit of our survey, 
which is approximately R ~ 23.5. The photometric red- 
shift determination of these sources are presented in Sect. 
6. The identification of several new UDS sources is dis- 
cussed in more detail below. 



4.1. Notes on individual objects 

Source 24 is detected as a point source with the PSPC 
and is not covered by the HRI exposure. The Palomar V 
image shows one object (24Z) inside the PSPC error cir- 
cle. The optical spectrum contains narrow emission lines 
of Oxygen and a H/3 emission line a.t z — 0.480. The 
Gaussian fit to the H/3 line reveals a significant broader 
line (FWHM=1440 km s~^) comp ared to the width of the 
Oxygen emission lines (see Table B^). The log fx/ fv ra- 



tio and the X-ray luminosity of Lx > lO'*^ erg in the 
0.5-2.0 keV band are rather high for a normal galaxy. We 
classify the object as an AGN. 

Source 34 is extended in the HRI exposure. It was not 
possible to determine the morphology with the PSPC, be- 
cause of the confusion with source 513 at a distance of 
about 35". There is no optical or even K' band counter- 
part inside the HRI error circle. Two galaxies 34L and 34M 
are located at distances of ~ 5" and ~ 18" from the HRI 
position. The object 34M is a narrow emission line galaxy 
at z = 0.263. A 1 hour long slit exposure of the object 34L 
has not yielded a definitive redshift. Another emission line 
galaxy (34F) at z = 0.262 is at a distance of ~ 28" from 
the HRI position. The ratio log /x//v = -0.87 for 34F is 
consistent with those of groups or clusters of galaxies. We 
tentatively classify source 34 as a group of galaxies. 

Source 104 is consistent with a point source in the 
PSPC and the HRI exposures. The relatively bright galaxy 
104 A is located inside the HRI circle and shows several 
narrow emission lines at z = 0.137. The flux ratios of the 
emission hues log ([O III] A5007/H/3 A4861) = 0.86, log 
([N II] A6584/Ha A6563) = -0.24 and log ([S II] A6716 + 
A6731/ Ha A6563) = -0.50 reveal an AGN using the di- 
agnostic diagrams by Veilleux & Oster brock (1987). The 
ratio log fx/ fv — — 1.05 is at the lower limit of the EMSS 
AGN (Stocke et al. |l99l|) . This object has a 0.5-2.0 keV 
X-ray luminosity of log — 41.65 (erg s~^) and is one 
of the four low luminosity AGN found in the survey (see 
Fig. A second galaxy (104C) a,t z — 0.134 is at a dis- 



tance of 25" from the X-ray source. Although the AGN is 
probably the source of the X-ray radiation, object 104A 
could belong to a group of galaxies. 

Source 128 appears significantly extended in the HRI 
image, but it is not detected in the PSPC exposure. 
However, we are not able to exclude that the extended 
emission results from source confusion. The galaxy 128E 
inside the HRI error circle shows a narrow [O II] A3727 
emission line at redshift z ^ 0.478. The ratio log fx/ fv = 
—0.08 agrees with the range of galaxy groups and clus- 
ters of galaxies. The X-ray extent of the source cannot 
originate from the galaxy 128E at such a high redshift. 

A second galaxy (128D) at a redshift z = 0.031 is 
located near the edge of the HRI error circle. The spec- 
trum of the object shows several narrow emission lines 
of Oxygen and the Balmer series. The fiux ratios log 
([O III] A5007/H/3 A4861) = 0.46 and log ([S II] A6716 + 
A6731/Hq! A6563) = —1.13 allow a secure classification as 
a starburst galaxy using the Veilleux & Osterbrock diag- 
nostic diagrams (1987). The galaxy 128D is probably a 
field object. 

There are three additional faint galaxies within a dis- 
tance of 20" from the galaxy 128E, which seems to indicate 
the presence of a poor group of galaxies with an X-ray lu- 
minosity of 3.1 X 10*^ (see, e.g, Mulchaey et al. 1996) 
or a fossil galaxy group similar to that object found by 
Ponman et al. (1994). We tentatively classify source 128 
as a galaxy group. 

Source 131 shows extended X-ray emission in the 
HRI exposure. The relatively bright elliptical galaxy 131Z 
(z — 0.205) is located at the edge of the HRI error circle 
and is surrounded by at least 10 fainter galaxies. A similar 
object is the elli ptical cD galaxy in A2218 dX z — 0.175 
(Le Borgne et al. 1992 ). We classify source 131 as a cluster 
of galaxies. However, the ratio log fx/ fv = —1.95 is rather 
low for a galaxy cluster. 

Sources 228/229, the most extended X-ray sources 
of our sample, are separated only by about 1'. The Keck 
i?-image shows a marginal excess of galaxies brighter than 
R = 24.5, which indicates a high-redshift cluster of galax- 
ies. The optical spectrum of the brightest galaxy close to 
the center of source 229 (left peak in Fig.l of Paper IV) re- 
veale d a gr avitationally lensed arc at z = 2.570 (Hasinger 
et al. 1999, Paper IV). Near- infrared images have shown a 
number of relatively bright galaxies with R—K' = 5.5—5.7 
(Lehmann et al. |2000bD . 

Recently, Thompson et al. (2001) have detected a 
broad Ha emission line at z = 1.263 in the near-infrared 
spectrum of one of the galaxies. The X-ray and optical 
morphologies suggest the presence of either a bimodal 
cluster or two clusters in interaction. This would be one 
of the two most distant X-ray selected cluster of galaxies 
found to date. Another cluster aX z — 1.267 was discovered 
in the ROSAT Deep Cluster Survey (Rosati et al. |1999D . 

Source 815 appears pointlike in the HRI exposure. 
The optically brightest galaxy 815C inside the HRI error 
circle is an elliptical galaxy at z = 0.700. Two further 
narrow emission line galaxies (815D and 815F) have been 
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found at the same redshift. The ratfo log /x//v = —0.87 
for 815C is consistent with a cluster of galaxies or an AGN. 
The galaxy 815C has been detected in the VLA 6cni sur- 
vey of the Lockman Hole (Ciliegi, private communication), 
which reveals a radio galaxy. At least 7 additional faint 
galaxies are within a distance of 20" from the center of X- 
ray position, which seems to indicate a rich galaxy cluster 
around the radio galaxy. We cannot conclude that the de- 
tected emission is due to a single AGN or due to a cluster 
of galaxies. Extended X-ray emission is probably not de- 
tected because of the faintness of this source. On the base 
of the existense of three galaxies at z = 0.700 we classify 
source 815 as a cluster of galaxies. 

Source 827 is consistent with a point source in the 
HRI exposure. The HRI error circle contains a galaxy 
(827B) at z = 0.249. The optical spectrum of 827B shows 
only a very strong Ha emission line, but no further emis- 
sion lines resulting in a large Balmer decrement. The 
Ha Hue width of 1200 km s~i (FWHM) is significantly 
broader than typical narrow emission lines, which indi- 
cates an AGN. The source is detected in the VLA 20 cm 



survey of the Lockman Hole region (DeRuiter et al. 1997 ) . 
The ratio log /x/ /v = —0.35 of 827B agrees with the range 
of AGN. We classify source 827 as an AGN. It is one of 
the four low- luminosity AGN (log Lx < 42 erg s^^) of our 
sample (see Fig. ||). 

Source 840 is extended in the HRI pointing and not 
covered by the inner PSPC field of view. The HRI error 
circle contains a bright star and a faint galaxy (840C) at 
z — 0.074. A brighter galaxy (840D) at the same redshift 
is located at a distance of 20" from the center of the HRI 
position. The ratio log fx/ fv — —2.55 for 840D and the 
X-ray luminosity (log = 40.7) are very low for a group 
of galaxies. Due to the lower sensitivity of the HRI to 
detect extended X-ray emission the X-ray flux could be 
underestimated by a factor of 2-8 (see, e.g., sources 41 
and 228 in Table ||). Source 840 is classified as a group of 
galaxies due to the extended X-ray emission. However, we 
cannot exclude that the X-ray emission is due to a single 
galaxy or a to the sum of the emission of a few galaxies in 
the group. 

Source 901 is identified with ID class d. A high 
ionization [Ne V] A3426 emission line indicates an 
AGN in this source. The flux ratios of the emis- 
sion lines log ([O HI] A5007/H/3 A4861) > 1.31 and 
log ([N II] A6584/Ha A6563) = 0.17 confirm the opti- 
cal identification as an AGN (see diagnostic diagrams 
by Veilleux & Osterbrock 1987). Its X-ray luminosity 
of 2.3 ■ 10''"'^ erg s~^ in the 0.5-2.0 keV energy band 
and its ratio log /x//v = —3.09 are very low for an 
AGN, which could be due to intrinsic absorption. 
The object is one of the four low luminosity AGNs (log 
Lx < 42) of the total sample of 69 UDS AGNs (see Fig. |). 

The following six new UDS X-ray sources are still spec- 
troscopically unidentified: 

Source 434 is a faint X-ray source detected in the HRI 
and the PSPC pointing. The HRI error circle contains two 



objects (434A and 434B). The optical spectrum of 434A 
reveals an elliptical galaxy at z = 0.762. The ratio log 
fx/ fv = —0.15 is rather high for a galaxy, but consistent 
with an AGN or a group or cluster of galaxies. We have no 
optical spectrum of 434B {R = 22.4), which has R-K' = 

4.1. The galaxy 434A is not detected on the K' image. We 
need to take an optical spectrum of 434B to identify the 
source 434. 

Source 486 is detected as a point source in the HRI 
and the PSPC exposures. The R images (see Fig. A.l ) 
show the faint object 486A (i? = 23.8) inside the HRI error 
circle. This object has a K' magnitude of 18.5; R — K' = 
5.3. Source 486 is one of the three unidenitified soures with 
R—K' indices larger than 4.5 (14Z and 84Z being the other 
two). We argue that 486 A is probably an obscured AGN 
(see photometric redshift determination in Sect. 6.). The 
ratio log fx/ fv — 0.65 is too high for a galaxy. 

Source 607 has been detected in the HRI and the 
PSPC pointing. The R images show a very faint counter- 
part (it! = 24.1) inside the HRI error circle. Due to the 
high accuracy of the HRI position we argue that 36Z is 
the optical counterpart. We were unable to determine the 
spectroscopic redshift of 36Z with a one hour Keck expo- 
sure. The high ratio log fx/ fv = 0.78 is consistent with an 
AGN. The photometric redshift estimation of the object 
607 (36Z) is described in Sect. 6. 

Source 825 is a point source in the HRI image. The 
HRI error circle contains a faint object 825A [R = 22.8). 
We were not able to determine the redshift of 825A with a 
one hour Keck exposure. The high ratio log fx/ fv = 0.35 
would be consistent with an AGN or with a group/cluster 
of galaxies. 

Source 866 is a HRI point source. The faint object 
866A [R — 24.2) is l ocate d inside the HRI error circle, 
but hard to see in Fig. A.l. The high ratio log /x//v=0.95 
is consistent with an AGN or a group/cluster of galaxies. 
However, due to its X-ray faintness source 866 could be 
a spurious detection. We expect about 1-2 spurious de- 
tections in our sample of 94 X-ray spources down to a 
limitimg flux of 1.2 ■ 10~^^ erg cm~^ s~^ in the 0.5-2.0 
keV band. 

Source 905 is detected as a point source in the HRI 
exposure. The faint optical counterpart 905A [R = 25.0) 
shows a very red colour {R — K' = 6.3), which could 
indicate an obscured AGN similar to 14Z or 84Z . The 
high ratio log /x//v=0.86 is consistent with an AGN or a 
group/cluster of galaxies. 

4.2. The catalogue of optical counterparts 

Table ^ contains the optical properties of the 94 X-ray 
sources in the UDS sample as defined in Sect. 2.1. The 
table is sorted by increasing internal X-ray source num- 
ber (see Table which is included in the name of the 
optical object identified with the X-ray source. The first 
four columns give the name of the object, the R magni- 
tude of the object and its right ascension and declination 
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Table 5. Emission line properties EW in [A] and FWHM in [km s^^] of RDS and UDS AGNs. 







RDS AGNs 




UDS AGNs 




lines 


component 


FWHM 




EW 




FWHM 




EW 








mean 


n 


mean 


n 


mean 


n 


mean 


n 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


Lya A1216 


broad 





z 




2 


ZDUUztzoU 


Q 



rr 1 ^ 

oo± < 


8 


Si IV A1397 


broad 


47sn+4'in 


4 


12±2 


4 




10 


16±4 


10 


C IV A1548 


broad 




9 


37±6 


9 


3Qsn+3fin 


23 


32±4 


23 


C III] A1908 


broad 




16 


41±15 


16 


4S2n+34n 


27 


31±9 


27 


Mg II A2798 


broad 




21 


46±12 


21 


423n+3nn 

^ VJ —1— L"J 


34 


39±8 


34 


[Ne V] A3426 


narrow 


680± 90 


8 


4±1 


9 


680± 90 


8 


5±1 


14 


[0 II] A3727 


narrow 


440± 60 


11 


12±3 


17 


410± 40 


16 


12±2 


25 


[Ne III] A3868 


narrow 


820±180 


5 


5±2 


8 


820±180 


5 


6±1 


11 


H7 A4340 


narrow 




2 


4±1 


5 




2 


4±1 


6 


H/3 A4861 


narrow 




1 


6±2 


4 




2 


6±1 


5 




broad 


3810±1300 


4 


38±9 


4 


3810±1300 


4 


38±9 


4 


[0 III] A4959 


narrow 


380±120 


5 


6±2 


8 


420±100 


6 


6±2 


10 


[O III] A5007 


narrow 


310± 30 


5 


20±9 


9 


310± 30 


5 


19±8 


11 


Ha A6563 


narrow 









2 




2 


74±63 


3 




broad 




1 




1 




1 




1 



at epoch 2000. We have marked the R magnitudes, which 
are determined from Keck LRIS images. The other values 
have to be regarded as somewhat uncertain. 

Column 5 gives the distance of the optical counterpart 
from the position of the X-ray source in arcsec. The capi- 
tal letters (H, P and R) mark whether the source position 
is mainly derived from the 1112 ksec HRI exposures, the 
207 ksec PSPC exposure or the 205 ksec HRI raster scan. 
The HRI or the PSPC flux in units of \^~^'^ erg cm^^ g-^ 
(0.5-2.0 keV) depending if the source belongs to the HRI 
sample or to the PSPC samples is given in column 6. The 
next column shows the X-ray to optical flux ratio fx/ fv &s 
defined by Stocke et al. ( |199l| ). Columns 8 and 9 give a op- 
tical morphological parameter of the object (s=star-like, 
g=extended, galaxy- like) and the redshift. The morpho- 
logical parameter has changed for several objects (e.g., 9A 
and GOB) compared to that of Paper II due to availability 
of higher quality Keck images. 

The absolute magnitude Mv (using the assumption 
V — R = -fO.22, corresponding to a power law spectral 
index of -0.5) and the logarithm of the X-ray luminosity 
in the 0.5-2.0 keV energy band in units of erg s~^ (assum- 
ing an energy spectral index of -1.0) are shown in columns 
10 and 11. For the three very red sources with photometric 
redshifts we have determined the absolute magnitude 
using their K magnitudes. The R — K' colour of the coun- 
terparts is given, when available, in column 12. Column 13 
gives the optical classification (broad emission line AGNs 
- AGN I, narrow emission line AGNs - AGN II, GAL - 
galaxy and GRP/CLUS - group/cluster of galaxies). 

The large B aimer decrement, indicated by the large 
ratio of the Ha to the H/3 emisssion line equivalent widths 
(> 9), of some AGNs (e.g., 28B, 59A) reveals a large 
amount of optical absorption. We therefore classify these 



objects as AGN type II. The ID class of the optical coun- 
terparts is given in the last column. 

4.3. AGN emission lines and galaxy absorption lines 

The optical identification of the UDS X-ray sources de- 
pends on the accurate measurement of the optical emis- 
sion line properties. Nearly all identified X-ray sources in 
the UDS have high S/N Keck spectra, which would al- 
low detection of faint high ionized [Ne V] AA3346/3426 
emission lines, if they were present. 

To help assign a reliable identification we have derived 
the emission line properties, the FWHM in km s^^ cor- 
rected for instrumental resolution and the rest frame EW 
in A. For the determination of the line parameters we fit- 
ted single or double Gaussian profiles using the Levenberg- 
Marquardt algorithm (Press et al. 1992), see Paper HI for 
details. The parameter set was accepted if the reduced 
was less than 3.0. 

We distinguish between narrow and broad emission 
lines at FWHM of 1500 km s'-^. In some cases we found 
very broad components with FWHM > 8000 km 
Tables (see Appendix) contain the FWHM and 

the EW values of those emission lines, which were detected 
at the 3tT level. 

The UDS AGNs cover a redshift range from 0.080 to 
4.45 with a median redshift z = 1.2, which is only slightly 
larger than that of the RDS AGN sample (z = 1.1). In 
Paper HI we compared the FWHM and the EW distri- 
butions of the RDS AGNs with those from several X-ray 
selec ted sa mples (e.g., the RIXOS sample o f Puc hnarewicz 
et al. |1997| , the CRSS sample of Boyle et al. |l997| ) and from 
optical/UV selected AGN/quasar samples (e.g., the AGN 
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Table 6. Galaxy absorption lines and D(4000) index. 



name 


class 


z 


Lines 


D(4000) 


(1) 


(2) 


(3) 


(4) 


(5) 


18Z 


AGN I 


0.931 


*) 


- 


24Z 


AGN II 


0.480 


AB:C: 


1.43±0.26 


33A 


AGN I 


0.974 


*) 


_ 


34F 


GRP 


0.262 


A: 


1.25±0.29 


70A 


AGN I 


1.008 


A 


- 


82A 


AGN I 


0.960 


*) 


- 


104A 


AGN II 


0.137 


ABCD 


1.89±0.49 


128D 


GRP 


0.031 


no 


1.08±0.36 


131Z 


CLUS 


0.205 


ABCD 


2.27±0.54 


232A 


star 


- 


ABCD, H/3 


1.55±0.88 


426A 


AGN I 


0.788 


A: 


1.26±0.59 


513 (340) 


AGN I 


0.761 


A 


1.39±0.72 


802A 


star 




BCD 




815C 


CLUS 


0.700 


AB 


2.18±0.53 


827B 


AGN II 


0.249 


no 




840D 


GRP 


0.074 


ABCD, H/3, Ha 




870 (36F) 


AGN I 


0.807 


A 


1.27±0.25 


901A 


AGN II 


0.205 


ABCD, H/3 


1.84±0.40 



Table 7. Optical and NIRC-photometry of 14Z, 
486A, and 607 (36Z). 



84Z, 



A) Ca H+K A3934/3968, B) CH G A4304, C) Mg I A5175, D) 
Na I A5890. 



*^ Lines are not covered by the spectrum (see Fig. A.l) 



samples of Steidel & Sargent & 1991, of Brotherton et al 



1994| , and of Green |l99q .) 

We have found a good agreement for the distributions 
of both broad and narrow emission lines. Slightly smaller 
mean EW values of the narrow emission lines are proba- 
bly due to significant continuum emission from the host 
galaxies of several RDS AGNs. 

To compare the results obtained from the RDS sample 
we have derived the mean FWHM and the mean EW for 
the UDS AGN sample, which contains in total 70 objects. 
Table || shows the comparison of emission line properties 
of the UDS AGN sample and the RDS AGN sample, which 
is a subsample of the UDS at higher X-ray flux. The first 
column gives the name of the most prominent emission 
lines. Column 2 marks the line component. The columns 
3 and 4 (5 and 6) give the mean FWHM (EW), its Icr 
error, and the number of lines found in the RDS AGNs. 
The same data are shown for the UDS AGNs in columns 
7 to 10. The very broad line components (FWHM>8000 
km s^^) have not been considered here. The mean EW 
and FWHM of the two samples agree very well with each 
other, confirming the results from the comparison of the 
RDS AGN sample with other AGN/quasar samples from 
Paper III. 

For completenes Table ^ shows the galaxy absorption 
lines of those UDS objects, that do not belong to the RDS 
sample (see Table 1 in Paper HI for similar data for the 
objects in the RDS sample). Objects with z > 1.1 are not 
listed, because the mentioned galaxy absorption lines lie 
outside the covered wavelength range. 



Filter 14Z 84Z 486A 607 (36Z) 

(1) (2) (3) (4) (5) 



V 


25.4±0.3 


>25.0 


24.9±0.1 


24.2±0.1 


R 


25.0±0.3 


>24.5-25.5 


24.4±0.1 


24.1±0.2 


I 


23.8±0.2 




22.7±0.1 


22.4±0.1 


z 


> 22.9 


22.5±0.3 


21.4±0.1 




J 


21.5±0.1 


21.7±0.2 


20.8±0.1 


20.5±0.1 


H 


20.5±0.1 


20.0±0.1 


19.8±0.1 


20.2±0.2 


K 


19.3±0.1 


19.4±0.1 


18.7±0.1 


19.5±0.1 



The columns 1 and 2 contain the name and the class of 
the objects (AGN I - type I AGN, AGN II - type II AGN, 
GRP/CLUS - galaxy group/cluster of galaxies). The red- 
shift of the objects and the typical galaxy absorption lines 
found in the optical spectra are given in the columns 3 and 
4. The entry " no" means that the absorption lines are not 
detected. Column 4 shows the 4000 A break index, as de- 



fined by Bruzual (1983), and its Icr error. 

Seven out of the 11 new identified AGNs with z < 1.1 
show typical galaxy absorption lines in their optical spec- 
tra. Four of those AGNs have D(4000) values clearly larger 
than 1.0, which is an indication for a large continuum 
emission from their host galaxies (see Paper HI for a de- 
tailed discussion). This is consistent with the fact 10 of 
these 11 AGNs have an absolute magnitude fainter than 
-22.0, well in the range covered by normal galaxies. 

5. Near-infrared photometry 

A deep broad-band K' (1.9244-2.292 /^m) survey of 
the Lockman Hole region has been performed with the 
Omega-Prime camera (Bizenberger et al. 1998) on the 
Calar Alto 3.5-m telescope in 1997 and in 1998. Some of 
the data were kindly provided to us by M. McCaughrean. 
About half of the ultradeep HRI pointing area is already 
covered. We planned to observe the remaining area in 
spring 2000, but weather conditions did not allow us to 
finish the K' survey. 

The camera uses a 1024x1024 pixel HgCdTe HAWAII 
array with an image scale of 0.396 arcsec pixel"^, and cov- 
ers a field-of-view of 6.7x6.7 arcmin. A large number of 
background limited images were taken at slightly dithered 
positions. The total accumulated integration time of the 
combined images ranges from 45 to 70 minutes. The im- 
age reduction involves the usual standard techniques. The 



SExtractor package (Berlin & Arnouts 1996) was used 
to detect the sources and to measure their fluxes. Point 
sources are well detected at the 5cr level at K'=19.7 mag 
in a 45 min (net) exposure. 

Four of the spectroscopically unidentified sources in 
this paper, 14Z, 84Z, 486A, and 607-36Z, were observed 
on UT 1999 December 15 and 16 under good seeing and 
photometric conditions using the facility Near-Infrared 
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firms this so far (see Table However, we cannot exclude 
that the very red objects are high-z quasars at z > 4.0. 
The most distant X-ray selected quasar (817A) found to 
date (Schneider et al. 1998) shows also a relatively red 
colour (i?-X'-4). 



6. Photometric redshift determination 



Fig. 4. i? — K' colour versus optical R magnitudes for all 
objects in the Lockman Hole. Same symbols as for the 
X-ray sources in Fig. ^.Plus signs mark the remaining op- 
tically unidentified sources, where we show the brightest 
optical counterparts in the 80% confidence level circle. All 
X-ray sources not covered by the K' survey so far are plot- 
ted at i? — i^' = or 0.2. Small dots show field objects 
not detected in X-rays. 



Imaging Camera (NIRC, Matthews & Soifer 1994 ) on the 
Keck I telescope. NIRC has an image scale of O'.'IS per 
pixel, imaging onto a 256^ InSb detector for a 38'.'4 square 
field of view. Objects 14Z, 84Z, and 486A were observed 
for 10 minutes in each of the zJHK bands; 607-36Z was 
observed for 5 minutes in the JHK filters (the z band 
data were saturated because the data were obtained near 
dawn). The telescope was dithered in a random pattern 
every one minute of integration. The images were sky- 
subtracted and flatfielded, then stacked using integer pixel 
offsets. Calibration onto the Vega flux scale was done us- 
ing the Persson et al. (1998) infrared standard stars. 

Fig. ^ presents the R — K' colour versus the R mag- 
nitude for almost half of the objects of the UDS field. We 
have detected all X-ray sources at the K' images, which 
are covered by the deep K' band survey in the Lockman 
Hole to date. There is a trend for the R — K' colour 
of the X-ray counterparts to increase to fainter R mag- 
nitudes. Four of the optically unidentified X-ray sources 
have only very faint optical counterparts (i? > 24). The 
K' images of these sources (see Fig. 3 in Paper HI) show 
relatively bright counterparts resulting in very red colours 
{R~K' > 5.0). 

We have already argued in Paper III that such red 
counterparts of X-ray sources suggest either obscured 
AGNs or a high-z cluster of galaxies. The spectroscopic 
identification of five counterparts with R — K' > 4.5 con- 



We have estimated photometric redshifts for the four 
unidentified sources 14Z, 84Z, 486A, 607 with broad-band 
photometry in several filters, described in Sect. 4. Due to 
the hardness of 14Z, 84Z and 486A (see Table H) and their 
large R — K' colours we argue that they are probably ob- 
scured AGNs. The photometric redshift of these objects is 
based on the assumption that their spectral energy distri- 
bution (SED) in the optical/near-infrared is due to stellar 
processes. If emission from an obscured AGN is contribut- 
ing significantly at some wavelength, the following results 
should be taken with caution. 

We used a standard photometric redshift technique 
(see e.g., Cimatti et al. 199£ and Bolzonella et al. 2000| ). In 
our version of the software the templates consist of a set of 



synthetic spectra (Bruzual & Chariot 1993), with differ- 
ent star formation histories and spanning a wide range of 
ages (from 10^ to 2 x 10^° yrs); the basic set of templates 
includes only solar metallicity and Salpeter's IMF. The 
effect of IGM attenuation (Madau 1995 ), extremely im- 
portant at high redshift, is included, along with the effect 
of internal dust attenuation, using a dust-screen model 
and the SMC extinction law with E(B-V) ranging from 
to 0.5. In total 768 synthetic spectra have been used. 

The "best" photometric redshift (zphot.) for each 
galaxy is computed by applying a standard, error- 
weighted minimization procedure. Moreover we have 
computed error bars to Zphot. corresponding to 90% con- 
fidence levels, computed by means of the Ax^ incre- 



ment for a single parameter (Avni 1976). The observed 
spectral energy distribution (SED) of each objects, ob- 
tained from broad-band photometry in several filters {V, I 
from 8K UH, R from Keck-hLRIS and z,J,H,K from 
Keck+NIRC), is compared to our set of template spectra. 
The V, I 8K UH observations are described by Wilson et 
al. ( p^96| ). 

In agreement with their very red colours (4.6 < R — 
K < 5.7) we obtained relatively high Zphot., ranging from 
1.21 < Zphot. < 2.71, for all sources (Fig. ph. For objects 
14Z and 486A we estimate Zphot. — ^-^^-qaq and Zphot. — 
1.21 to' 14, respectively. Both observed SEDs are consistent 
with an old stellar population (age=2.5 5 Gyrs), while 
the content of dust is badly constrained because of the 
absence of U and B band photometry. 

The formal best estimate for redshift of object 607 
(36Z) is Zphot. = l-36to'i2' but the resulting fit is very 
poor; the upturn in the V photometry at A < 6000 in- 
dicates the presence of a young stellar population (0.3 
Gyrs) and the absence or a low dust extinction or the 
presence of an underlying AGN component. The photo- 
metric redshift of 607 (36Z) is therefore very uncertain. 
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Data in bluer bands {U and B) and combined AGN and 
galaxy templates would probably be needed for a more re- 
liable redshift estimate for this object. We therefore have 
not included the value of 607 in Table ^. 

Object 84Z shows a quite clear break between J and 
H photometry, consistent with a best fit model at Zphot. ~ 
2-7llg'4'^, while the decreasing flux towards shorter wave- 
length indicates the presence of a moderate dust content 
{E{B — V) — 0.3) in a young stellar population (age=0.1 
Gyrs). As seen in Fig |[ the resulting fit is very good, 
with a value of the order of unity. However, due to the 
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Fig. 5. Galaxy template fits to the VRIzJHK photom- 
etry of 14Z, 84Z, 486A, and 607 (36Z). The wavelength 
scale is in Angstrom, the logarithm of the flux is in units 



Table 8. Spectroscopical identification summary of the 
UDS and of the RDS. 







UDS 




RDS 


Object class 


N 


Content 


N 


Content 


(1) 


(2) 


(3) 


(4) 


(5) 


AGN type I 


57 


61% 


31 


62% 


AGN type 11*) 


13 


14% 


10 


20% 


Cluster/groups 


10 


11% 


3 


6% 


Stars 


5 


5% 


3 


6% 


Galaxies 


1 


1% 


1 


2% 


Unidentified sources**' 


8 


8% 


2 


4% 


Total 


94 




50 





of 10 



-20 



erg s cm 



A- 



*' including the objects 28B and 59 A with broad Balmer emis- 
sion lines but large Balmer decrements. 

**■* including the very red AGN type II objects 14Z, 84Z and 
486A, which are still spectroscopically unidentified. 



relatively large magnitude errors, especially in the / and 
z bands, also lower redshifts (down to z 1.5) would be 
statistically acceptable. 

7. Discussion and conclusion 

We have presented the nearly complete optical identifi- 
cation of 94 X-ray sources with 0.5-2.0 keV X-ray fluxes 
larger than 1.2- 10^^^ erg s'^ from the Ultra Deep ROSAT 
Survey in the Lockman region. Highly accurate HRI po- 
sitions, deep Keck R and Palomar V images, and high 
signal-to-noise ratio Keck spectra allow a reliable identifi- 
cation of 85 (90%) X-ray sources. 

Table ^ shows the spectroscopical identification sum- 
mary of the UDS, compared with that of the RDS. As 
seen in the table, the population of optical counterparts 
in the UDS has not changed from that of the RDS, with 
the large majority of the identifications (75% of the X-ray 
sources) being identified with AGN. The ratio between 
AGN I (57 objects) and AGN H (13 objects) is greater 
than 4, although it could decrease to about 3 if some, or 
most, of the 8 remaining spectroscopically unidentified X- 
ray sources are type H AGN (see Sect. 6). The second 
most abundant class of objects is constituted by groups 
and/or clusters of galaxies (10), followed by galactic stars 
(5). 

We have spectroscopically identified only one source 
in the entire sample with a " normal" emission line galaxy 
(53A). The AS CA D eep Survey of the Lockman Hole by 
Ishisaky et al. ( ^001 ) suggests an obscured AGN also in 
this case. 

These results clearly show that the fraction of AGN 
as optical/infrared counterparts of faint X-ray sources in 
the 0.5-2.0 keV energy band remains high down to a lim- 
iting flux of 1.2-10^^''^ erg cm~^s a factor ~4.6 times 
fainter than the RDS survey, and confirm that the soft 
X-ray background is dominated by the emission of type I 
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AGN, and that the increased sensitivity of the UDS has 
not revealed an increase in the fraction of type II AGN. 

In the foUowing we briefly summarize, in turn, some 
of the properties of the objects in the three main classes 
of optical counterparts. 

a) Type I AGN 

• The emission line properties of the 57 type I AGN in 
the UDS survey are consistent with those of other brighter 
X-ray selected samples and optical/UV selected samples. 

• The X-ray luminosity of these objects covers the 
range 43 < log < 45, confirming that most of the con- 
tribution to the X-ray background from AGN I is due to 
moderately powerful objects. 

• The X-ray and optical luminosity of the type I AGN 
are reasonably well correlated, with an average value cor- 
responding to fx/ fv 1 (see Fig. ^. 

• The UDS contains the most distant X-ray select ed 
quasar (z = 4.45) found to date (Schneider et al. 1998 ). 

• The surface density of type I AGN in the HRI 
defined sample, which is the deepest part of the UDS 
survey (40 objects in 0.126 sq.deg., corresponding to 317 
± 50 objects per sq.deg.) is higher than any reported 
surface density based on spectroscopic samples for this 
class of objects. This confirms the very high efficiency 
of X-ray selection in detecting this kind of objects (see 
discussion in Zamorani et al. 1999 for a comparison of 



the relative efficiencies of X-ray and optical selections of 
type I AGN). 



Fig. 6. The logarithm of the 0.5-2.0 keV X-ray luminos- 
ity is plotted versus the absolute magnitude of the 
optical counterparts marked with different symbols; filled 
circles - type I AGNs, open circles - type II AGNs, open 
squares - groups/clusters of galaxies, hexagon - galaxy, 
and crosses - very red sources with known photometric 
redshift (type II AGNs). The solid line corresponds to the 
X-ray to optical flux ratio fx/ fv ~ 1 typical for AGNs. 
All except four AGNs have X-ray luminosities larger than 
10^'^ erg s~^ (above the dotted line). 



b) Type II AGN and unidentified X-ray sources 

Following Schmidt et al. (1998; Paper II) and Lehmann 
et al. (2000; Paper III), we have adopted a variety of indi- 
cators (e.g. optical diagnostic diagrams, presence of [Ne V] 
and/or strong [Ne III] forbidden lines in the spectrum, 
large X-ray luminosity) to classify an object as AGN II. 
In addition, we have put in this class also two "intermedi- 
ate" objects (28B and 59A), which, although having broad 
Balmer lines, show a clear indication of significant absorp- 
tion as suggested by their large Balmer decrement. 

• While the colours of type I AGN are relatively blue, 
type II AGN and groups/clusters of galaxies show on av- 
erage much redder colours. The location of type II AGN 
in the redshift - {R — K') diagram (see Fig. 0) occupies 
the same region as expected for elliptical and spiral galax- 
ies. The colours of type II AGN appear to be dominated 
by the light from their host galaxies. The optical spec- 
tra of type II AGN confirm that a substantial fraction of 
their emission originates in their host galaxies (see Sect. 
4.3). Two type II AGN (12A and 117Q), with spectro- 
scopic redshifts 0.990 and 0.780, have very red colours 
{R-K' ^ 5.0). Both sources are detected with the PSPC 
and show hard spectra. It is therefore likely that these 
objects are significantly absorbed in X-ray. 

• Most of the type II AGN (9 out of 13) have X-ray 
luminosities in the relatively narrow range 43 < log < 
43.7 and are approximately consistent, although toward 
low luminosities, with the — Mv relation defined by the 
type I AGN (see Fig. ||). The X-ray luminosity distribu- 
tions of the two classes of AGN are significantly different: 
we have 37 type I and no type II AGN with log > 43.7, 
but 19 type I and 13 type II AGN with log < 43.7. 

• Four objects (59A, 104A, 827B, 901A) have X-ray 
luminosities significantly smaller than all the other AGN 
(log Lx ^ 41.5), with correspondingly low fx/ fv ratio. All 
of them are at low redshift (z < 0.25). 

• The different distributions in X-ray luminosity of 
type II and type I AGN translates into significantly differ- 
ent distributions in redshift. For example, up to z = 0.25 
we have 5 type II and no type I AGN. The ratio between 
the type I and type II AGN, which is ^ 4.3 for the entire 
sample, is ~ 0.3 up to z = 0.5, ^ 0.4 up to z = 0.75 and 
~ 1 up to z = 1. 

• These trends of the ratio between the type I and 
type II AGN (increasing with redshift and/or luminos- 
ity) would remain qualitatively similar even if most of the 
8 spectroscopically unidentified sources will turn out to 
be, as we have argued in Sect. 6, high redshift type II 
AGN. For three of these sources, assuming that their 
optical/near- infrared SED is mainly due to stellar pro- 
cesses, we have determined photometric redshifts ranging 
from 1.22 to 2.71. These redshifts lead to X-ray luminosi- 
ties in the 0.5-2.0 keV band of up to lO^'' erg s^^, which 
is in the regime of typical QSO X-ray luminosities. 

Even in this case, however, the number of high lumi- 
nosity type II AGN in our sample appears to be smaller 
than that expected in the simplest version of the unified 
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Fig. 7. R — K' colour versus redshift for those X-ray 
sources in the Lockman Hole with available K' band pho- 
tometry. Same symbols are shown as in Fig. ^ For the 
objects 14Z, 84Z, and 486A we have used photometric 
redshifts (see Sect. 6). The dotted lines are from Steidel 
and Dickinson (1994) corresponding to unevolved spectral 
models for E (upper) and Sb (lower) galaxies from Bruzual 
and Chariot ( |1993D . 



models which has been used so far for the AGN synthesis 
models of the X-ray background (see e.g., Comastri et al. 



1995 and GiUi et al. 1999) 



This is consistent with the fact that until now only a 
few hard X-ray selected typ e II A GN at high luminosity 
are known (Akiyama et al. ^000 , Nakanishi et al. 2000|) . 
In addition, the recent 1-7 keV ASCA Deep Survey in 
the Lockman Hole suggests a deficit of high luminous 
absorbed sources at z ^ 1 — 2. Unfortunately, all these 
samples, including ours, are based on a very limited 
number of sources, so that a strong conclusion is not war- 
ranted yet. For example, Gilli et al. ( 2001 ) have recently 
shown that the redshift distribution of type I and type II 
AGN for a sub-sample of the UDS sources is statistically 
consistent with models in which the fraction of obscured 
AGN is constant with luminosity. Only significantly 
larger spectroscopic samples of hard X-ray selected AGN 
from Chandra and XMM-Newton observations can fully 
clarify this issue. For example, the PV-observation of 
the Lockman Hole with XMM-Newton has recently 
revealed a large fraction of very red sources in the 2-10 
keV energy band, which are probably heavily obscured 



AGNs (Hasinger et al. 2001, see also Barger et al. 2001 



for similar finding in the Chandra observation of the 
Hawaii Deep Survey Field SSA13), but no spectroscopic 
identifications for these objects currently exist. 



c) Groups and clusters of galaxies 

• Nine out of the ten X-ray sources identified with 
groups and/or clusters of galaxies are extended either in 
the HRI or in the PSPC images or both. The point-like 
source 815 is classified as a cluster on the basis of the 
optical data: three galaxies within a few arcseconds of the 
X-ray position have the same redshift (z — 0.700). 

• Nine out of ten objects have X-ray luminosities in the 
range 41.5 < log < 43.5 and cover the redshift range 
0.20 - 1.26. The median redshift of this sample of groups 
is - 0.5. 

• The faintest X-ray group in our sample (identified 
with the X-ray source 840) has a very low X-ray luminosity 
(log Lx — 40.7). In this case, given the small redshift (z = 
0.074) we cannot exclude the possibility that the X-ray 
emission is due to a single galaxy or to the sum of the 
emission of a few galaxies in the group. 

• We have detected one of the most distant X-ray 
selected cluster of ga laxies at z = 1.263 known to da te 
(Hasinger et al. |l998t Paper IV, Thompson et al. |200l|). 
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Appendix A: Optical images and spectra 

The optical images of all X-ray sources previously not con- 



tained in the RDS sam ple (see Lehmann et al. 2000a ), are 



presented in Fig. |A.l| . The R images show a 40" x 40" 
field of view, in most cases centered on the position of the 
X-ray source. The field size of the V images is ^^60" x 60". 
Overplotted are 80% confidence level error circles of the 
PSPC detection (large) and of the HRI detection (small). 



VLA 20 cm detections from DeRuiter et al. (1997) are 
marked with 2(7 error boxes. 

In addition. Fig. [A.l| shows the low-resolution Keck 
spectra of the optical counterparts of the X-ray sources. 
The location of UV emission lines (e.g., Lya A1216, 
Si IV A1397, C IV A1548 , C III] A1908, Mg II A2798) 
and the lines of the Balmer series as well as narrow for- 
bidden lines of Neon and Oxygen (e.g., [Ne V] A3426, 
[O II] A3727) are indicated. Furthermore there are marked 
typical galaxy absorption lines (Ca H-f-K AA3934/3968, 
CH G A4304, Mg I A5175, Na I A5890). 



Appendix B: FWHM and EW tables 



Tables A.l-B.S contain the instrumental 



corrected 
in A of 



FWHM in km s~ and the rest frame EW 
the UV/optical emission lines from the newly identified 
optical counterparts of the X-ray sources. The first two 
columns give the name of the objects and their mean red- 
shifts. The FWHM values in columns 3 to 8 and 3 to 9 of 



the Tables A.l and B.2 are rounded to the nearest integer 
that can be divided 10. The EW valu es given in columns 
3 to 8 and 3 to 9 of the Tables |B.l| and |B.3| have been 
rounded to the tenths. The errors of the FWHM and EW 
values are propagated la errors provided by the fitting 
algorithm. 
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Fig. A.l. i?-band/y-band images and Keck LRIS spectra of the new optical counterparts. North is up, and east to 
the left. The small and large circles show the ROSAT HRI and PSPC error circles (80 % error radius). The 2cr error 
box indicates a VLA 20 cm detection. The wavelength is given in Angstrom, the flux scale is normalized such that 
one count corresponds to an AB magnitude 28 (f^ = 2.29 • 10~^^ erg s~^ cm~^ Hz~^). Regions with bad atmospheric 
correction are marked with "x". Residuals of night sky emission lines are indicated with "s". 
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Fig. A.l. (continued) The spectrum of source 232 was taken witli tlie Boiler & Chivens Cass Twin spectrograph at 
the Calar Alto 3.5m telescope. The asterisk symbol in the image of source 128 marks the most probable counterpart 
(see Sect. 4.1.). 
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Fig. A.l. (continued) 
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Fig. A.l. (continued) 
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Fig. A.l. (continued) 



Table A.l. FWHM of UV emission lines in [km s corrected for instrumental resolution. 



name 


z 


Lya A1216 


Si IV A1397 


C IV A1548 


C III] A1908 


Mg II A2798 


[Ne V] A3426 


(1) 


(2) 


(3) 


(4) 


f5) 


f6) 


(7) 


(8) 


5A 


1.881 






4450±70 


2160±60 






13A 


1.879 








11970±170" 


14470±220** 




15 A 


1.447 








4700±150 


2150±50 




18Z 


0.993 










3670±130 


310ibl80 


33A 


0.974 










5420±130 


1060ib90 


39B 


3.269 


<810 


7490±250 


1780±40 












3370±70 




7390±90 








70A* 


1.008 










78zU±450 




75A 


3.406 


430±10 


4560±70 


1580±250 












1860±30 




5240±70 








80A 


3.407 


<650 


3600±260'" 


2250±30 












2980±50 












82A 


0.960 










3830±220 




120 A 


1.573 






5060±50 


6130±80 


4690±50 




151B 


1.201 










5690=bl30 






U. / GO 










1 A co-i-oon 

14oUitZZU 


lUUU^ZUU 


428E 


1.539 






4890±80 


4140±220 


5760±280'" 




477A* 


2.943 


3440±30 


4440±50 


4690±20 


5250±40 






513 (340) 
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837A 
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920±40 




861A 
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7440±150 
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901A 
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Narrow, broad and very broad component (FWHM>8000 km s"^) of the emission line. 

Marginal line detection (2 — 3cr), More than one spectrum available, **' Poor Gaussian fit (xred ~ 20). 
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Table B.l. Rest frame EW of UV emission lines in [A]. 



name 


z 


Lya A1216 


Si IV A1397 


C IV A1548 


C III] A1908 


Mg II A2798 


[Ne V] A3426 


(1) 


(2) 




(4) 


(5) 


(6) 




(8) 


5A 


1.881 






25.9±1.1 


9.0±0.6 






13A 


1.879 








17.7±0.6" 


45.7±2.1** 




15A 


1.447 








16.3±1.3 


17.7±1.0 




18Z 


0.993 










18.5±1.6 


4.2±1.1 


33A 


0.974 










14.6±0.8 


3.3±0.5 


39B 


3.269 


10.3±0.5 


11.7±0.9 


9.2±0.5 












26.9±1.8'' 




39.2±1.7 








70A 


1.008 










47.2±7.9 




75A 


3.406 


2.7±0.1 


4.3±0.2 


3.2±0.1 












3.5±0.1* 




8.7±0.4 








80A 


3.407 


11.0±1.3 


49.0±17.2'" 


72.5±5.3 












65.3±5.8'' 












82A 


0.960 










40.8±10.0 




120A 


1.573 






29.7±0.9 


22.7±0.8 


33.6±1.0 




151B 


1.201 










44.5±2.8 




426A 


0.788 










6.7±1.9 


7.1±2.5™ 


428E 


1.539 






48.0±2.9 


25.7±3.9 


665.4±368.6'" 




477A 


2.943 


42.8±0.9 


12.9±0.4 


26.1±0.4 


28.4±0.5 






513 (340) 


0.761 










37.9±6.7 




634A 


1.546 










35.1±10.3 




801A 


1.675 








29.2±3.4'' 


20.7±1.2 




804A 


1.214 










28.2±1.5 


9.1±0.6 


805A 


2.586 


103.3±7.5'' 


21.5±4.1 


15.9±2.6^ 


18.0±3.3 














59.6±9.2" 








817A 


4.450 


8.6±1.1 


10.5±1.7 














16.1±1.6'' 












821A 


2.310 


30.7±2.4'' 


9.6±1.7 


19.7±2.9'' 












36.9±3.2'' 




84.8±10.8'' 








828A 


1.285 








4.0±0.7 


19.3±0.9 




832A 


2.735 




101.9±4.9'' 


7.4±0.6 


10.9±1.0 














27.3±2.1 








837A 


2.018 






47.2±5.5 


8.2±1.4 


54.4±10.3 




861A 


1.849 






28.5±2.0 


32.2±1.8 






870 (36F) 


0.807 










7.1±1.0 




901A 


0.205 












4.6±0.4 



Narrow, broad and very broad component (FWHM>8000 km s ^) of the emission line. 
™' Marginal line detection (2 — 3a), **' Poor Gaussian fit {Xred ~ 20). 
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Table B.2. FWHM of optical emission lines in [km s~^], corrected for instrumental resolution. 



name 


z 


TTl \ 0'70'7 
[U iij X6(Z1 


riVT^ TTTl A 00£;0 

[JNe iiij A0808 


TT_ \ An AC\ 

H7 A434U 


TT \ A 0£! 1 

Hp A48d1 


\r\ TTTl \ A(\ac\ 
[yj ilij A4959 


TTTl \ c:r\(T7 

[U lllj A5UU7 


Ha A6563 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


18Z 


















24Z 


0.480 


260±120 






1440±60 


<320 


<410 




33A 


0.974 


340±60 














34F 


0.267 


310±20 




<470 


<370 


120±50 


<420 


<350 


34M 


0.267 


<590 






<370 


<380 


<390 


<250 


70A 


1.008 


3nn+sn 














104A 


0.137 


370±140 






<360 


<510 


<410 


190±10 


104C 


0.134 


<610 






<400 


<530 


<530 


310±10 


128D 


0.031 


<750 




<440 


<400 


<520 


<520 


<370 


426A 


0.788 


<520 














513 (340) 


0.761 


< 670 


270±70 












815D 


0.694 


910±20 














815F 


0.695 


<540 














827B 


0.249 














1170±10*) 


870 (36F) 


0.807 


290±10 


1440±60 


<320 










901A 


0.205 


480±20 


750±80 






600±50 


<600 


<480 



*' A blend with emission lines [N II] AA6548/6584 cannot be excluded. 
Table B.3. Rest frame EW of optical emission lines in [A]. 



name 


z 


[O II] A3727 


[Ne III] A3868 


H7 A4340 


H/3 A4861 


[O III] A4959 


[O III] A5007 


Ha A6563 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


18Z 


0.993 


3.7±0.9 














24Z 


0.480 


3.1±0.7 






6.3±0.6 


1.6±0.3 


3.6±0.3 




33A 


0.974 


7.2±0.9 














34F 


0.262 


57.6±2.4 




3.8±0.7 


10.3±0.7 


10.9±0.9 


27.5±1.0 


55.6±1.8 


34M 


0.262 


59.6±3.6 






11.6±1.0 


10.8±1.2 


28.1±1.3 


58.6±1.2 


70A 


1.008 


7.1±0.7 














104A 


0.137 


13.2±3.1 






2.2±0.5 


5.0±0.7 


11.2±0.6 


15.6±0.4 


104C 


0.134 


20.8±3.2 






5.2±1.3 


6.3±1.5 


16.0±1.6 


33.9±1.8 


128D 


0.031 


43.3±2.8 




13.4±1.1 


33.8±1.2 


32.5±1.8 


97.4±2.5 


211.2±5.7 


426A 


0.788 


7.7±1.3 














513 (340) 


0.761 


39.2±1.2 


7.0±0.7 












815D 


0.694 


61.5±3.5 














815F 


0.695 


45.1±2.1 














827B 


0.249 














201.2±9.1*' 


870 (36F) 


0.807 


15.9±0.4 


4.3±0.4 


2.3±0.2 










901A 


0.205 


15.2±0.4 


10.7±1.1 






11.3±1.0 


20.5±0.8 


10.9±0.5 
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